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CHAPTER I 
INTRODUCTION 
"Nature reveals itself to man through Energy" - w. Ostwald (1) 1 
Since the beginning of agriculture, about ten thousand years ago, 
mankind has gradually learned to manipulate the energy supply of its 
2 biological and physical environment, This has resulted in a continuous 
increase in both. its total energy supply anc;l population. Until about a 
thousand years ago, the increase in the rate of total energy consump-
3 tion was considerably less than the increase in the rate of population 
growth (2). Consequently, the biological and inorganic energy consumed 
per capita remained at a low, nearly constant level. This circlUD.stance· 
would have, perhaps, continued if a new source of energy supply - the 
group of fossil fuels - had not. been discovered. Mining of coal as a 
significant energy so4rce began about eight hundted years ago and the 
production of petroleum just over a century ago (3). 
1 References are given in the Bibliography at the end of the 
dissertation, 
2 In the context of energy, the physical environment consists of the 
sun, earth, air and water as the main sources of primary energy 
available to man. Even the fossil fuels - coal, petroleum, natural gas, 
et;:c. - represent the storage of energy contained in vegetation matter 
'fossilized' over a period of millions of years. The chemical form of 
energy available from the earth, in the context of agriculture, is self 
evident. The air, wind and water, likewise, have been known as energy 
sources for navigation, windmills, hydro-power generation, etc. 
3 A glossary of definitions used in this dissertation is given in 
Appendix A. 
2 
During the past century, the world consumption of energy from 
fossil fuels has reportedly increased at about four percent per year.· 
The world's human population, however, has increased, in the recent past, 
at a rate of about two percent per year. Therefore, at present, the 
world's average (non-nutrient) per.capita energy .consumption is 
increasing at about two percent per year, It is also pertinent to note 
that, one half of the cumulative production of coal, during its eight 
hundred year production history, has been mined during the past 31 years. 
Likewise, half of the world's cumulative production of petroleum has 
occurred during the 13 year period since 1957. In brief, most of the 
world's consumption of fossil fuels during its entire history has. 
occurred durin.g the past 25 years ( 3). 
The fact that energy undergrids all human activities is universally 
recognized. Also, the contribution of energy in enhancing the economic 
development of a coulltry (or a region) is well docul!lented. Because of 
these two main reasons, it has been customary to regard per capita energy 
consumption as an indicator of either the .standard of living or the 
economic growth of a country. 
The example .of the United States, more than any other country in 
the world, is demonstrative of the extraordinary cont+ibution which · 
energy .has made, intetalia, in its technological. and economic advance-
ment •. Such an advancement has required the availability of tremendous 
amounts of energy to meet a nearly exponential rate of fossil fuel 
demand quring the past century. In order to meet the increasing demand, 
half of the cumulative coal production has occurred during the 39 year 
period since 1930, and half of the petroleum production during the 17 
year period since 1952. 
3 
A steady exponential rate of utilizati.on of fossil fuels implies a 
doubling of both~ the productio~ rate and C\lillUlative productiqn at equal 
intervals of time. Since the deposits of fossil fuels are not unlimited 
and, in addition, they are not renewable during time periods of less 
than millions of years, the rate of utilization of fossil fuels . 
determines, to a large extent, the period over which their. supplies may• 
last. In view of the increasing U.S. energy demand, and sitlce about two 
thirds of all the industrial energy is foss;l.1-fuel bas.ad, the spectre of .. 
exhaustion of fossil fue.ls reserves has caused nationwide concern ( 4). 
Looking into the future, the energy requirements of the u.s. and 
the world could be met by fossil fuels alone for another century. After 
that, deP.endence upon new sources of energy will become.inevitable. 
Particularly in the case of the u.s., serious questions have been raised 
as to the adequacy of fuel supplies ( 5 , 6 ) for the future. All such .. 
quest;i.ons are implicitly focused around energy forecasts which a'l;'e 
essential for the formulation of policies aimed at efficient utilization 
of available energy resources, ensuring adequacy.of supplies and 
evaluating plans for overall economic developmen~. 
Interest in forecasting U.S. energy requirements (sometimes 
referred to as demand) began about 15 years ago. About a dozen fore-
casts have since been ~ublished, largely in view of.the governmental 
interest in formulating an energy policy, global and domestic changes in 
energy supply patterns, increased ep,ergy demand and considerations of 
national prosperity .and security, The interest in. energy forecasting 
has also deepened because of the recognition .that historical trends of 
U.S. ·gross national product and population ~n be corr~late,d with per 
capita and total energy consumption respectively.(7 ). 
4 
Objective of the Study 
The primary objective of this study is the development of a 
numerical, techno-economic forecasting model for the U.S. total energy 
requirements for the years 1980, 1990, 2000 and 2025. The proposed 
methodology is based on an engineering (systems) analysis interrelating 
time-series (fifty-five year period) data on total energy consumption 
and several aggregate, technological and economic parameters such as .the 
gross national product, population, labor force, level and spread of 
technology.and price per unit of energy. 
It is intended to formulate the said model by identifying and 
quantifying those aggregate technological and economic.parameters which 
may have interrelationship with total energy requirements. From a. 
mathematical analysis of the data, a generalized energy forecasting 
model is developed which is simulated for forecasts of U.S. total energy 
requirements for the years 1980, 1990, 2000 and 2025. A prediction 
equation is derived as well. 
It is also intended to show the relevance and application of the 
technique of dimensional analysis· to the techno-economic model. How-
ever, no effort is made to use this technique in the actual forrn1,1lation 
of the model itself. 
Scope of the Study 
It is almost impossible to accurately forecast the U.S. total 
energy requirements. However, if the interrelationships between total 
energy requil;ements and the above aggregate technological and economic 
parameters can be identified and quantified, it seems possible to fore-
cast total energy requirements for a given.system fairly "accurately." 
5 
The scope of this study is limited to forecasting U.S, total. 
energy requirements for the years 1980, 1990, ··20'00. and, 2025 ,~, i.a('s-pan O·f 
fifty-five years, These forecasts have been made on the basis of the. 
proposed methodology utilizing relevant data for the past ;fifty-five 
year period. It can be appreciated that both, the reliability and 
accuracy of an energy forecast are an inverse function of-its time span. 
Therefore, an energy forecast spanning over the next decade· can be 
expected to be more reliable and accurate than the one spanning the neJC;t 
half century. 
It is endeavored that the proposed methodology can afford 
generality in scope so that it would be applicable to forecasting total 
energy requirements. for either an entire country such as the United 
S 11 • 4 h h f Qlrl h tates or a sma er region sue as t e state o ~ a oma. For a given 
situation, the success of developing a methodology similar to the one 
proposed herein, depends on the astuteness with which the said inter-
relationships between the aggregate technological and economic para-
meters can be identified and quantified. 
There are several limitations of this study. For instat1ce, no 
attempt is made to forecast U.S. energy.requirements for individual 
energy sources (e.g., coal, petroleum, gas) or individual sectors. This 
has not been undertaken because several authors (8 ,9 ,10) have already 
reported results along these lines. Nor does this study purport to be 
a terminal-effort in the field of energy forecasting. On.the contrary,. 
it is to be viewed as an effort to 'engineer' the complex techno-
4 Although the proposed methodology has not been.tested in.case of 
the Developing Countries, the author is of the opinion that it can be 
applied equally well in forecasting their energy requirements, , · :J1,, 
economic system resulting from the interaction of the U.S. economy ~nd 
energy industry. 
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For the purpose of this study, a set of five aggregate technological 
and economic parameters was selected from amongst a total of seventeen. 
The criteria of their selec~ion was the degree to whieh they showed 
functional correlations with total U.S, energy consumption data. How-
ever, the set of the five selected parameters namely, tb,e gross national 
product, population, labor force, tecqnological advancement and.price 
per unit energy, should not be considered sacrosanct. In future, it may 
be possible to develop a better criterion for their selection using 
improved analytical techniques. In addition, no effort was made to 
forecast the individual parameters to the years 1980, 1990, 2000 and 2025. 
Since such an undertaking would have been outside the scope of this 
study, it was decided to utilize, in this study, the forecasts made by 
other authors for these parameters. 
Although this study does not address itself to the formulation of a 
national energy policy, for the u.s., the merits of forecasting energy 
requirements is strongly. advocated. because such knowledge assists in 
averting th.e thoughtless foreclosure of policy options. 
Format of the Study 
This study is divided in three parts. The first part; consisting 
of three chapters, is intended to serve as a backdrop for the techno-
economic model. Tile second part is primarily concerned with the 
statement, assumptions and development of a theoretical and an 
analytical framework supporting the proposed forecasting methodology. 
The last part is concerned with the discussion of results, conclusions 
and recommendations• In addition, sev.eral Appendices are included to. 
supplement the text of this study~· 
7 
The treatment of th.e subject of ~echnological forec;astillg in 
general and technological energy forecasting in particular, is extensive 
though not exhaustive. 
CHAPTER· I I · 
The analysis and development of a numer;l.cal~ · techno-econo111ic 
energy forecasting mode'.!- representing the U.S. energy .... economy system. 
lie at the.interface of engineering and economics. In order to 
systematically cover the pertinent literature on such a model., thi.s · 
chapter is divided into several sect.ions. The first section is 
concerned with reviewing published literature abp\lt modeling of te.chno-
economic systems in general and the .u. S. _economy in particul,ar. The 
second section is an overview of the subject matter of forecasting, 
including the description of various forecasting ltletho:d's •ii:B:; 8•tl~a~~and . ·· 
technological forecasting in particular •. The third section is devoted. 
to a brief discussion of U.S. historical energy .cons~ption trends 
which have led. to the current rates of energy uti.li:z:ation. The last 
section consists .of the discussion o:f several .select energy .forecasts 
published so far. 
Modeling of Techno-Economic Systems 
Many scholars have sought to integrate two or more disciplines of 
knowledge under an academic umbrella of inter-disciplinary research, 
Invariably, the objective of formulating an inter-disciplinary area .has 
been, interalia., to broaden the baee of a given discipline by 
incorporating various analytical techniques from other disciplines• 
9 
This,circumstance seems to have been more prevalent in the. social 
sciences than in the physical sciences or Engineering of which the 
concepts,. the·ories and analytical techniques have been widely applied' to· 
I 
social sciences, Consequently, a branch of knowledge dealing with· the · 
modeling of. systems at the interface of physical and social sciences has 
deve~oped to its present level of sophbtic~tion. This has been made 
possible largely because of the application of. t::he principles ·and 
techniques of engineering analysis of which the so-called syste~ 
analysis is a specialized branch. In order t::o render generality to the• 
following discussion, engineering analysis as used herein is defined as 
the process of formulating and solvin,g a set of mathematical eqwi,tions · 
which describe the behavior of a collection of components of a techno-
economic system which function interdependently. 
One. of the earliest attempts to apply ,system analysis was made by 
the English engineer Tustin (11) who, in 1953, analyzed. the problem of. 
stabilizing the British economy from the point of view of .control 
theory as understood at that time. He cot).cluded that more sophisti-
cated computing machines were needed to adequately. solve the set of 
mathematical equations ·describing the British economic system. About 
the same time, U.S. engineers Smith and Erdley (12) eJCI)lored t'Q.e use of 
analog computers in studying economic.systems •. With the advent of 
modern, large scale digital computers in about 1955, Forrester (13) 
applied the classica.l feed-back control concepts, modern. decision 
theory an.d various simulations to the study of economic systems. 
Holland . (14) has applied the above concepts to a s t;udy . of national · 
eccinomies, .particularly . those of developing cout).tries. 
During the past decade, interest in modeling complex techno-
·• 
10 
economic (or even socio-ecbnomic, systems) has increased cons;l.derao1y:.· ·· ·· 
Models have been developed not only for the ent:Lre U.S. ecori.cnity btit alse> 
for the individual industries (15). In fact,, a new spec;ialized.area 
within economics - . the econometrics - has come into existence;· Samuelson, 
Koopmans and Stone (16) have described it as "the quanti.tative analysis 
of actual economic pheno~na based on the concurrent development of 
theqry and observation related by appropriate methods of inference." 
Most of the applicatio~s cited above have resulted. from the 
realization that the macroscopic aspects of economic·systems can be 
described in terms of .. mathematical. equations, These equations can be 
developed, in most cases, from unconstrained models. of the ·componenets of 
the system itself. Indeed it can be shown that the aggregation process 
starting from the micro-analysis of a system to its .broader macro-
analysis. variables also leads, in many cases, to ·a mathe~ti~l mo.de! of 
a given system (17). 
In 1966, Trapezriikov (18) studied the ro.le that technological. 
change plays in the economic.,growth of a country; he co:nsidered it as 
a complex system consisting of a, large number of elel)lents and described 
it by the equation: 
H =a ln.B 
where H is the entropy of the sys.tern, a is a constant and B 
characterizes the degree of disorder in the system, He defined the 
patameter B as 
, , • a broad concept dependent on discrepencies of material and 
energy flows., equ_ipment idle times, data lags, variations. in 
the size of manufactured parts, presence of adl!lixtures in 
products and other reasons reducing the efficiency· of the : 
controlled complex. 
}bre recently, Powell (19) analyzed the U .s • econOI!lY by' viewing 
11 
it as a multivariate process, far more complex than any found in process 
control industry. By identifying the components of th.e economy in terms .. 
of system responses, he was able to propose,".,. a potential solution 
for effective U.S. economy control." 
The foregoing remarks tend t:o. support. the view that modeling of an· 
economic system is feasible and useful. Particularly in the case of the 
U, S • economy, considerable research effort has been devoted t:o 
developing simulation models which are usefµl in. policy-maki~ (20 ,21, 
22). Al,though such models do lack perf.ection, they offer a .significant 
improvement over purely .qualitative bases pn which policy-making had to 
be relied upon in the past. 
An Overview of Forecasting 
General Remarks 
There has always been a lining of fascination about forecasts of 
any kind, whatsoever. These could be prophecies, speculative glimmerings 
of ft,lture possibilities, in.tuitive opini,ons or more recently; forecasts. 
based on ha.lf-dozen analytical techniques. such as Delphi, curve 
enveloping, parameter analysis, network and systems analysis, etc. 
Wells (23) had forecast an era of a\,ltomobiles, aviat~on, wax:, 
and a limitless source of energy from the atom. His· finest prediction. 
was emphasizing a sc.ience of the future - futurology, (there exists now 
the Worlc;l Future Society). Also the celebrated works of Fuller: (24), 
12 
director .of the World Resources Inventory. group at the Southern Illinois · 
University, are oriented toward the study of future patterns ·of world 
resource utilization. 
Nearly 80 years ago, Jules Verne predicted sky travel at 600 miles . 
per hour, submarine traffic, television, use of solar energy and even a 
trip to the moon departing from Florida. · Also, there have been. the 
predictions of two eminent social scientists, Ogburn (25) and Gilfillan 
(26) who, in the 1930' s, wrote extensively on the social effects of 
technology. Since then, a number of economists; for example Schmookler 
(27), Mansfield (28) and Enos (29) have published noteworthy studies on 
various aspects of forecasting related to technology and economic 
progress. 
Although the dependence of successful planning on reliabl~ fore-
casting is generally recognized in the government, business and 
industrial circles today, often the practice of forecasti:ng is mistaken 
to be a purely exploratory exerci.se •.. In the past, too, this oversight 
seems to have been common to both· economists and engineers~ The · 
following review of forecasting techniques· (or methodologies) cu-i:rent:).y. 
in use indicates the importance now attached to forecasting. 
Review .2f Forecasting Techni9ues 
Cetron and Monahan (30) have classified, though arbitrarily, 
various forecasting techniques into the four categories listed below: 
a) Intuitive Forecasting includes individual prophecy, genius 
forecasting, or consensus forecasting based on the_ opinion of 
a panel of experts as in the case of 'Delphi tecqnique.' 
b) Trend Extrapolation includes either the extrapolation of. 
simple trends into the future or cu,rve fitting on the ,basis 
of individual judgement. 
c) Trend Correlation Analysis includes three main types:. 
correlation, regression and parameter analysis• 
d) Analogy,Trends·are related to identifying and extra-
polating growth ana,logies taken from either the immedia~e 
past .or a historical perspective. 
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Intuitive Forecasting is one ot the most widely used forec~sting 
techniques. There is considerable merit in this approach .in view of the 
successful record of professionals' like ·Jules Ve;rne, Wells 9 Gilf;Ulan, 
etc, However, scientists, engineers and philosophers alike have had a 
history,of forecasting errors as well, For instance, Steiilllletz advised 
General Electric in the 1940's that transmission systems of over 
600 ,000 volts. were not. feasible;. Sprague, however, ptoved that Steinmetz. 
was wrong. and so the .General Electric Co. lost its leadership in power 
transmiesion system.devel0pment for about ten years. In 1926, Bickerton. 
(31) conside:t;'ed shooting at . the moon as basically impossible and his·. 
view was widely endorsed by many of his contemporaries unt.il about .1945, 
Likewise, Bus.h (32) advised the U.S. Joint Chiefs of Staff in 1945 that· 
a high angle.rocket traveling at 300 miles an hour and an .atomic·warhead 
"should be ·le~t out of our thinking· £or a long .time." 
The Consensus Forecasting te.chnique, however, is considei:-ed safer 
than the_ intuitive forecasting although it is not.always easy to have a 
group of .experts come to a consensus of opinion. In this category, the 
Delphi techniq\,le is perhaps the most noteworthy.. Its methodology is 
based on systematic solicitation of expert opin:f;on gathered thrqugh a, 
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carefully designed program of sequential individual interrogations, 
interspersed with appropriate feed-back computed from previous rounds. of 
similar solicitation of their opinions. 
The· technique of Trend. Extrapolation has been quite popular with : 
experts. Usually, the forecaster assumes that a past trend of.an event 
will most likely continue in the future. There are several refinements· 
in this methodology. to accomodate for either a linear increase, an , 
exponential increase or the increase for an S-shaped Gompertz curve. 
Trend Correlation Analysis deals mainly with the trends of those. 
tech'q.ical parameters which offer difficulty in prediction by themselves 
or which may have correlations with two or more other parameters. 
Whereas time-dependent extrapolation results in explicit forecasting, 
trend correlation analysis of various parameters can be made on a.more 
general level, thus evenly spreading effects of any localized anomalies 
in the parameters. Correlation analysis have been widely used in 
. . 
social sciences research problems. There is also t~e technique of 
multiple correlation and regression aimed at discerning causal factors; 
Simon (33) has discussed these techniques at quite some length. 
Lastly, the Analogy Trend technique has been applied by many 
fot'ec!iste;rs. For instance, Adams (34) consider~d the rate of increase 
in knowledge as analogous to the rate of production of it)animate energy. 
Such knowledge was confined to science. and technology but extended to an . 
understanding of society as well. "No one could say that the social ·. 
mind now failed to respond to new force," he wrote, "e~en when the new 
fox-ce annoyed it horribly." Looking backward into the nineteenth 
century .and forward to the be.ginning of the twerity-first, Adams dreamed 
of a new kind of America. "At the rate of progres.s since 1800," he 
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prophesied, "every American who lives into the year 2000 would.know how 
to control unlimited powe.r." Anticipating, perhaps, the .famous· 
Einsteinian equation, Adams was confident that uJ,.timately inanimate 
energy would be technolog:l,cally limitless. Once.he had such control 
over matter and energy, Adams believed the American.of the twenty-first 
century.", •• would think in complexities unimaginable to an .. earlier 
mind. He would deal with problems altogether beyond the range of 
earlier society" • (34), Likewise, . Hartman (35) developed a forecasti~g 
model for new knowledge by considering it analogous to the behavior of 
gas molecules in a reaction process. To him, the molecules are 
analogous to either the scientists or pieces of information, both 
occ\lring at a given volume density. The scientist-molec.ules do not 
move significantly, .whereci.s the informatiot).-molecules move with an 
assumed constant velocity. A useful react;ion supposedly occurs when 
the "scientist-molecules have a reacti.on cross-section which is hit by . 
the information-molecules." 
In the area of historical atlalogy studies, most of the work has 
been done by Helmer (36) and Fisher (37). 
Technological Forecasting 
Technological forecasting, in contrast to. economic forecasting, 
implies that due consideration be given to the impact of technological 
changes.in a given economy •. 'l'he success with which technological.fore-
casts can be made depends· on the intuitive judgement of th.e forecaster . 
and his ability to identify and quantify the interrelationship among 
the significant parameters affecting the event under forecast. 
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The phenomenal growth of science and technology has afforded many 
new decision options to policy-makers, requiring a higher. degree of 
selectivity on their part. Choices between alternative plans·may make 
vast differences in their O\.ltceme or competitive performance• Also, 
science ai:id technology, a:i:.-e being recognized· as paving strong, influences · 
on the so.ciet;y itself. Since science and technology are dependeQ.t ·upon · 
availab.ility of. adequate energy resources, the· governments; .therefore, 
must. strive to forecast and fot'lll1,1lat~ nati.onal eneI'.gy needs .and policies, 
res·pectively. 
Interest in technE>logical forec~sting began. about twenty f:Lve y~ars 
ago in the . U.S. . Lenz (38) has s tresseq the need . for technological. 
forecasting thus:. 
The li.teral situation of no-fpre0.ast ••• implies that· each 
ac~ion is uni::elated to. any past experience; preHl)t situat:Lon,. 
or ·future intended. action. · The price of this insanit;y :Ls 
non•survival, yet it is practiced to sollle degree :l.n organiza-
tions .prone to frequent changes in management. ~e obvious 
error in a no-.forec,ast is ·that· all action is. random,. limited 
only by the extrentes of ·possible alternatives. 
A .study of tQ,e va"J;"ious area.a· to :which_ technological forecasting 
has· been. successfully .applied by economii;its atl,d · engineere pres·e11ts a. 
variegated ·array as. shown in .Appendix B.; some cc;mtemporary issues. to 
which technological forecasting .has been aQ.dreEl!sed to are: 
a) Will atemic energy :be -competitive with coal? If .so, when? 
b) Is .the elect:i::ic automobile going to be feasible? Will 
some other fuel such as hy4.rogen become .economically feasible: .. 
for vehicular use? 
c) Does·aluminum technology.threaten:steel's future? 
d) Will the SST bei;:ome a reality?. 
e) Can paper become a raw material for making cloth and 
furniture? 
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Questions like these indicate that technological substitution is 
bound to have wide-spread impact on the future way of life in general 
and. economic growth in particular. Recently, a number of governmental · 
agencies, notably· the National Science Foundation, the Department of · 
Defense, National Aeronautical and Space Administration. (NASA) and 
several private organizations such as the Resources for the . Future, Inc. 
(RFF), Stanford Research Institute (SRI), etc., all have contributed to. 
the general area of technological forecasting. Cetron (30) has compiled 
a comprehensive bib.l.iography listing some .. three hundred and eighty 
references, most of which were published during the past· decade; it 
seems .neither necessary nor practicable to review all these references, 
However, the works of Lenz (38), Ayers (39), Brown (40), Helmer. (35), 
Linstone (41) and Mottley (42) are generally considered to. be of a 
pioneering nature. 
Lenz was perhaps the first engineer to develop a technological 
forecasting model by using analytical techniques such as trend extra-
polation; he emph.;is:l,zed the role of " ••. informed judgement of scientific 
and technical expertise ••• " in technological forecasting. I sens on ·and 
Cetron, too, made noteworthy contributions; Isenson direct;ed the U.S. 
Army's .widely public:I:zed project HINDSIGHT (which was probably the most 
extensive study of U.S. technological progress) and Cetron pointed out 
that the concept of technological forecasting is only the first step in 
successful planning. These. authors have been associated with the 
Department of Defense .whose former he~d, McNamara (43) spoke of 
technol<;>gical forecasting as "quantitative. common sense," and added: 
I woul,d not, if _I could, attempt· to subst;Ltute analyt~cal. 
techniques for judgement based on experience. The very 
development and use of those techniques have placed an even 
greater -premium on that;: expedence and judgement~ as ·iss.ues 
have been clarified, and basic probleI!lS exposed to dispassion-
ate examiriatfon. The better the factual bases for.· reflective . 
judgement, the better the judgement is likely to be. The need 
to provi<;le the factual basis is the reason for emphasidng the 
analytical approach. 
Recently, three comprehensive books on technological forecasting 
have been published. These. are by Bright (44), Butler and Kavesh (45) 
and Jantsch (46). The first two contain technical contributions. by 
some thirty of the nation's·foremost experts on technological fore":'" 
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casting, Jantsch's work is perhaps the most comprehensive work to date; 
he studied technological forecasting throughout the world, surveyed some 
four hundred references in the literature and identifred ,about 100 
technological forecasting and planning projects curreri.tly in progres.s in. 
thirteen.countries. He specifically listed the U.S. military as the 
leader in this field and estimated that appro:dmately $q0 million is 
spent yearly on making technological forec.asts in the U. S, 
Past and Current Trends in U.S. 
Energy Economy System 
~ Produ5tion and_Consl,llnption Trends 
In reviewing the history of U.S. energy .consumption, it is evident 
that in 1870, about 76 percent of the total energy.requirements were 
met by wood as the primary fuel. From about 1870 to 1910, the U • S. 
production of coal and lignite followed a nearly constant exponen.tial 
growth rate of 6;5 percent per year with a doubling period of 10.6 years. 
Due. to the inevitable process of inter-fuel substit.ution, coal had:,:., . 
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displaced wood as the primary fuel b.y the . turn of the, twentieth century. 
·· From about 1910 to date,. the ,u.s. _production of .coal arid .l!gnit.e -has 
averaged around five hundred and fifty million short· tous per year. · 
This ·is ·shown. in Figure 1. 
The dynamics of inter-fuel substitution were evidenced again in the · 
late 1950 's when oil displac~d coal as . the primary fuel. · The U, S. ·crude- . 
oil pi:oduc;:tion from 1870 to 1930 increased at a rate of about 8. 3 
percent per year with a doubling period of 8.4 y~ars, as shown in·F!gure 
2. Since 1930, the cr_ude-:-oil production curve has shown a. leveling 
trend largely. because of the entry of natural gas on the energy seen ... 
From about 1905 to. 1965, the production of marketed natural gas has 
increased at an ,almost; constap.t exponential rate of 6.6 per.cent. per year 
with a doubling period of 10.5 years• This is shown i~ Figure 3. 
The U.S,; productiotl of total energy from coal; oil; na.tural gas 
and hydro-power shows two distinct growth periods, From about · 1850 to 
1907, the .growth rate of. energy production was 6. 9 percent per .year with · 
a doubling period of about 10 years. Th~n from 190 7 to present, the 
growth rate has dropped to about ·L 77 percent per year with a doubling 
period of 39 ye.ars. This is shown .in ·Figure 4. 
In_l970, about 76 percent of the U.S. total energy requirements 
were supplied from oil and natu_ral gas (43 and 33 percent, respectively), 
20 percent from bituminous coal, 3.4 percent from hydro-power and about 
0.3 percent each from nuclear energy and anthracite coal (47). The, 
increased demand for electrical energy in the U;S. has av~raged almost 
7 percent per year during the 1960's ·(48). The U.$. _consl,m.led.over 
1500 billion kwh of electricity in 1970, By the year.1980, the ~emand 
is .. forecast to double; and, if this doubling continues. to the. year 2000, 
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·the U.S .. electrical energy .requirements will be 10,000 billion kwh,- at .a 
load factor of 0.68 and average heat rate of 8000 BTU/kwh. Graham (49) · 
has reviewed .. the past U.S. energy. consumption :trends by individual foels · 
flS well as for total energy. During the· past century (1870-1970) ·the. 
U.S. total energy increased about sixt::een times amounting to 68.s· 
quadrillion (1015 ) BTU in 1970. In comparison, the u.s. population. 
increased only about three times during the same period; therefore, u-.s. 
per capita energy consumption increased slightly more·than five times 
during the :Past centu.ry to its current value of 325 million .BTU. 
A Short Review.£!.~ Energy Jforec,asts 
• • • But .nowhe.re on the horizon is there a saturation poin,t · 
for energy. Its fq.ture is limitless. It not only·marches 
to ever greater quant;itative output, but it also transforms .. 
the entire economic structure as it goes~ -'"'.'..,..Chase ( 2 ) 
While reviewing the literature it became apparent that several. 
agencies .of the U.S. Government have long been active in energy fore-
casting. ·Of these, the Office of Science and Technology (Executive 
Office of the President), the United States Bureau of Mines, 'var_ious 
comiaj.ttees of the U.S •. Senate, and the Atomic Energy Coillllliss;Lon are most 
noteworthy. Comprehensive studies have also been published by Resources 
for the Future, Inc. (10), Stanford Research Institute (5.o) and 
Battelle Memor:i,al Institute. (51). 
Since a comprehensive listing of all the U.S. total energy forecasts 
made to date was not· conside.red practicable, it was decided to incor-. 
porate here a partial chronological list of the eighteenselect U.S. 
total energy forecasts shown in Table I. ~he quality of an energy 
forecast, like any. other forecast, ·is limited by the ai:ituteness of the 
TABLE I 
SELECTED U.S. TOTAL ENERGY FORECASTS· 
FORECAST IN 
DATE QUADRILLION (1015) 
BIBLI- OF BTU' s FOR THE ·YEAltS 
OGRA,;.. PUBLICA- BASE 
NAME·· OF ·AUTHOR/SOURCE PHY fl TION YEAR 1970 1980 2000 2025 GNP 
1 Texas-Ea.stern Trans. Corp. 8 1968 1947-65 64.4 97.8 
2 U.S. Bureau of Mines 9 1968 1947-65 64.3 88.1. 168.6 x 
3 Chase Manhattan Bank 52 1968 1950-65 97.0 
4 Strout, Allan M. * 53 1968 1960 90.3 174.0 
(99. 7) (213.0) 
5 . Sartorious and Co . 54 1967 1960-65 60.8 93.3 
6 Stanford Research Institute 50 1967 1965 97. 0 
7 Fremont;, · Felix** 55 1964 1961 70.3 110.6 252.2 x 
8 Resources for the Future 10 1963 1960 60.2 79.2 135. 2. x 
9 U.S. Atomic,Energy Comm. 56 1962 1907-60 82.0 135 
10 ~ational Academy of Sc. 57 1962 1907-60 61.0 
11 ~asky Study Group 58 1962 82.0 
12 fei telbatnn, P. D. 59 1961 1958 80.9 
13 !'exas Eastern Trans. Corp. 8 1961 1958 82.6 
14 TJ. S~. Atomic Energy Comm. 60 1960 1953 86.2 170.0 
15 Sporn, Philip 61 1959 1959 105.0 
16 U.S. Bureau·of Mines 62 1956 72.5 
17 U.S. Atomic F.:ltergy Comm. 56 1953 1947 87.6 150.0 
18 Paley .Commission 63 1952 
*Energy estimates assuming 3.5 percent growth rate in GNP and (4.0 percent per year). 
**Felix used National Income as a variable .. 
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assumptions upon which it is based. Almost all the authors of the fore-
casts in Table 1 did not explicitly state all the assumptions. Nor did 
they give .sufficient details of th.eir metho.dologies, let alone· the 
terminological inconsistencies. However; it seelll$ possible to classify. 
nearly all the assumptions made in the above forecasts into the 
follow,ing seven categories: 
a)· Gross National. Product ... the assumptions usually refer to real 
growth rate rangii;i.g from 3.5 to S percent .. per year for· the 
U.S. economy. 
b) Population - the assumptions .refer to the u.s. Bureau of 
Census projections with 1.6 percent per year growth rate. 
c) Prices .of Fuels - the assumptions· refer to fuel prices 
relative to a general price level in the U.S. It ·is also 
generally assumed.that the relative prices remain at the same 
competitive levels· ( 9 ) • 
d) Availability of F1.1el.s - it. is invariably assumed that· 
there will be no limitation to. either the ava.ilabili ty or. 
supply of various fuels needed to meet the U. S • energy 
requirements. 
e) Technological Change - in most cases, technolog~cal 
change is not included as a variable. However, many fore-
casts assume that gradual displacement of fossil fuels by 
nuclear· fuels will occur in the, foreseeable .f utµre. 
f) The· influences of business cycle swings are assumed to 
be minor. 
g) Present .considerations of national security are assumed· 
to continue up to. at least the end of this century, 
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The eighteen forecasts for total U.S. energy requirements range 
from 61.0 to 99.7 q~adrillion (1015 ) BTU for the year 1980, and from 
105. 0 to 213. 0 quadrillion BTU . for the year 2000; this shows a variation 
of about 60 percent for 1980 and about 103 percent for the ·year 2000. 
These ranges of variations explain why energy forecasting is still . 
considered to be more of an art than science I· 
A list of eight selected U .S, energy forecasts .showing the ·relative · 
shares of individual energy sources is given in Table II. From these 
forecasts it is seen that the average percentage share of coal is 
expected to gradually decrease; the relative share of coal ranges from 
15.77 to 21 quadrillion BTU (606 to 800 million tons of coal) for the 
year 1980, and from 17.96 to 27.2 quadrillion BTU (700 to about 1,050 
million tons of co.;U.) for the year 2000. In the case of petroleum, the 
forecasts project a slightly increasing growth rate up to the year 1980 
and a gradual decline thereafter. The range of forec.asts varies from 
about 30 to _40.17 quadrillion BTU (5.17 to 6.93 billion barrels) for the 
year 1980 and from 57.6 to 61.67 qUradrillion BTU (10.0 to ;I.0.66 billio_n 
barrels) for the year 2000. The .forec.asts for the relative shares of 
natural gas demand show slightly declining trends up to the year 1980, 
followed by a rapid decline to the year 2000. 
In case of nuclear energy requirements, there is a wide range of 
forecasts: from 2 to 13. 3 quadrillion BTU (67 ,000 to 442 ,000 megawatts) 
of nuclear generating capacity is forecast for the year 1980, and from 
8. 8;L to 43. 53 quadrillion BTU (295 ,000 to_ 1,410 ,000 megawatts) for the 
year 2000, 
1 
2 
3 
4 
5 
6 
7 
8 
TABLE II 
U.S. ENERGY FORECASTS FOR INDIVIDUAL ENERGY SOURCES, QUADRILLION (1015) BTU 
NAME OF BIBLIO- COAL PETROLEUM & NGL NATURAL GAS NUCl EAR 
AUTHOR/SOURCE GRAPHYll 1980 2000 1980 2000 1980 2000 1980 2000 
U.S. Senate (1962) 58 21 - 33.0 - 22.78 - 2.0 -
(25.6)* (40. 2 ) (27.8 ) 
U.S. Bureau of 64 16.34 ·- 36.04 - 25.52 - 4.36 -
Mines (1964) (19 .1 ) (41. 9 ) (29.7) { 5.1 ) 
Sartorius and Co. 54 16.02 - 29.94 - 33.03 - 13.3 -
(1967) (17.1 ) (32.1 ) (35.4 ) (14~3 ) 
Texas Eastern 8 19.88 - 40,.17 - 31.89 - 4.76 8.81 
Trans. Corp. (1968) (20.3 ) (41.1 ) (32.6 ) ( 4.9 ) ( 7.4 ) 
U.S. :Atomic 60 25.5 62.0 38.0 71.0 20.0 34.0 - -
Energy Comm. (1960) (29. 7 ) (36.5 ) (44.1 ) (41. 8 ) (23. 2 ) (20.0 ) 
Resources for the 10 15. 77 17.96 32.91 61.67 24.15 33. 81 . 3.7 19.0 
Future (1963) (19. 9 ) (13. 3 ) (41. 6 ) (45.6 ) (30.5 ) (25.0 ) ( 4.7) {14.1 ) 
Public Land Law 65 18.4 27.2 30. 3 52.8 28.0 43.6 8.2 -
Review Cotmn. (1968) (20. 7 ) (18.0 ) (34.7) (35.0 ) (31. 5 ) (28.9 ) ( 9.4 ) 
U.S. Bureau of 9 19.3 22.4 35.58 57. 6 24.46 41. 7 4.08 43.53 
Mines (1968) (21. 8 ) (13. 3 ) (40. 8 ) (34.3 ) (28.9 ) (24.7) ( 4.6 ) (25.8 ) 
. Remarks: 
* The figures in th.e parenthesis indicate percentage shares for various fuels. 
a. Totals may not add to 100 due to rounding of data. 
b. One barrel of oil assumed to equal 5.8 million BTU. 
c. One cubic .foot of natural gas assumed to equal 1,035 BTU. 
d. The heat rates for nuclear and hydro-power assumed as 9,320 and 7,860 BTU/kwh 
for 1980 and.2000 respectively. 
HYDRO-POWER 
1980 2000 
I 
2.0 -
2.67 -
(3.1 ) 
3.0 -
(3.2 ) 
3.06 -
(3.1 ) 
2.58 2.55 
(3.0 ) (1.5 ) 
2.64 2.82 
(3.33) (2.1 ) 
- -
3.03 5.06 
(3.4 ) (3.0 ) 
N 
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Review .2£. Energy Forecasting Methodologies 
The set of forecasts presented in Tables I and lI have differences 
in methodology, preferences of forecasters, time available for their 
preparation, and the time span for which they were intended. Therefore~ 
the criterion of acct\racy should be viewed only in a relative setting 
and, rigorously speaking, the criterion of a forecast being reasonable 
rather than accurate seems more justified. 
Nearly all.the eighteen forecasts in Table I endeavor.to incorpor-
ate, with varying degrees of success; some basic. parametera known to 
correlate with energy demand; one such parameter is populat:ion, but its 
value as a correlating parameter is based on the assumption. that· .supply 
of energy sources will be commensurate with per capita needs. Also 
energy consumpt;f.on has been shown (I-,., 8 ,55) to have positive 
correlation with factors determining standard of living. 
Several forecasting methods can be identified among the eighteen 
fotecasts; the simples.t ·method is to project historical, time.,..series 
U.S; total energy .consll[llption data into the future. The success of this 
method depends upon the selection of an appropriate time span over 
which historical t:rends could be assumed.fairly consistent. The Paley 
Commission's (63) report in 1952 and National·Academy of Sciences 
forecast (57) are examples of this type. This metho4 gives; relatively 
speaking, reliable ·results for.sbort-.term and may be used exclusively 
for. total energy forecasting. A somewhat sophisticated version involves. 
the co.rrelation of. u. S •. Population with per capita energy consumption •. 
The-.u.s. _Atomic Energy Commission forecast (60) in 1960, and an .earlier 
one by Puttµim (51) in 1953, are noteworthy examples. 
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Anot:her. technique termed as technological energy .fox-ecasting has 
been utilized in a comprehensive work (10) by the Resources for th~ · 
Future (RFF). Basically the RFF study used a building block approach· 
starting with 1960 as the base year for the various·c.onsmning (end-use) 
$ectors of the U.S •. economy •. Projections were made for the years 1970~ 
1980, 1990 and 2000. The projected demand figures were then subdivided· · ·· 
into various sources of energy according to their :!;uture relative shai;es .• 
The U.S. Department of Interior study (9) was based on a least 
squares projection of U.S. energy con~umption data for 1947-65~ From 
these data, appropr!ate .trends were calculated .for to.ta! energy 
consumption and for various energy for~ (direct fuel, utility electri-
city and raw material non-fuel and non-power) sectors and sources. 
These trends, extrapolated into the future, were subsequently altered 
by techniques which "varied accordingly to the energy components being 
pi;ojeeted." The authors stated that, "Procedures for the forecasts may. 
be described as opportunistic in that various types of methods and 
techniques are used"; however, an energy forecasting model with relevant 
parameter estimates, assumptions and its limitations ·was not;. explicitly· 
stated. 
Strout (53) used a linear, multiple regression model for the ·u.s. 
economy. After testing several varia'bles for significance, accuracy 
and other· va~ian ts ·of form (such as the log linear) for th.e model, he : 
concluqed that the ·linear model. was found to be the simplest and at 
least as. satisfactory as others. The explicit form of hi.s model was: 
F 
c 
-· p 
' yp 
1.8757 + 0.0082 FDD + 0.1148 p-- - 0.00097t 
where, 
F is per capita fuel use in quadrillion BTU. 
c 
P is population, millions of people. 
FDD is average fuel degree-day for. "thirty-six metropolitan 
areas weighted by the nearest decinnial census." 
Yp is private gross national.product of the U.S •. in 1954 
dollars, excluding the general government spending. 
t is the time series (1921, 22, 23, ••• 1980, , • , 2000). 
Quite a few forecasts included low, medium and high range of 
estimates; the medium one represented .a "best estilllB.te" and the low to 
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high range was considered as a reflection of the unceitainty associated 
with a given forecast. However, no statement was made concerning the 
confidence to be placed in these limits. The range of low-medium-high 
estimates were generally within ±10 to ±20 percent. 
Miscellaneous Aspects of Forecasts 
Comparison E£ Energy Forecasts 
The literature survey on energy forecasting reveals several 
conceptual and terminological di~ferences between the various·forecasts, 
These. differences becloud comparisons and a simple consistent adjustment 
can not be devised to remove their differences •. Furthermore, .differ-
ences in assumptions (most of which. were implicitly incorporated and few, 
if any, were stated quantitatively) and data base years introduce 
additional difficulties. However., several energy forecasting 
methodologies a+e available; the simplest one is concerned with . 
projecting historical, time-series, energy consumption data into the 
future. This works best for short"'"term forecast up to 5 years or so. 
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Foi;- medium-term (10-15 years) forecasts, it :l.s considered more appro-
priate to correlate either per capita or total energy consumption with 
some aggregate parameter of economic.growth such as gross national 
product, labor force, population, changes in price and consumer prefer-
ences, etc, For long-term (20-25 years and beyond) forecasts, it has 
been found necessary to incorporate additional parameters representing 
those changes in technology,which may.significantly affect the overall 
economic growth. Most.of the forecasts reviewed were found to provide 
only limited information about their methodology and none provided a set 
of quantitative statements of the interrelationship among the correlating 
parameters. Some forecasts gave low, medium and high estimates, but no 
information was given as to the probability that the forecast values 
would be within the range of estimates. 
Some Shortcomings £t Technological Forecasts 
All technological forecasts are believed to have a definite 
advantage over the earlier forecasting methodologies in which no 
consideration was given to anticipated changes due to the inevitable .. 
process of technological substitution. However, technological forecasts 
too are subject to four main shortcomings. 
Firstly, there caq. ocq1r the interaction of several technological 
developments prompted by the so-called evolutionary technology. For 
example, the U.S. Army decided to emphasize manned bombers rather than 
missiles innnediately after the World War II. It did not, however, take 
into consideration more compact high-powei;-ed atomic weapons, advances in 
soJ.id state technology, phenomenal growth of computers, development of 
heat-resistant materials~ et.c. Likewise, considerations ·of environmen-
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tal quality now being recognized were not evident.twenty years ago. 
Secondly, unp·recedented demands of a component of a given system may 
completely throw the forecast off the mark. For instance, in the ea.rly. 
19SO's 'it was predicted .that only thirty electronic.compµt;ers wou+d be 
needed to handle all the calculat~ons then being made by every book-
keeper, scientist and technologist in the U.S; (66). Thfrdly, the 
emergence of major technological developments. may lead to revolutionaty 
changes; virtually no. one had antic:i,pated discoveries such as the · 
transistor, superconductivity, lasers, etc. Lastly, there may be a 
limitation imposed on technological forecasting due to the quality or 
inadequacy of appropriate data. +t was perhaps partly because of th.is 
limitation that economists had long ignored technology as either an 
input to their models or assumed it to be a constant. Fortunately, in 
recent years government agencies, private foundations and. large 
corporations have made an organized effort to improve the quality of 
forecasts by ensuring that reliable data were available. 
Summary £f. Literature Review 
Forecasting is a process that aims at visualizing fut~re 
circumstances and making estimate.s for their needs; it is widely used 
in planning future policies concerned with, interalia, resource 
allocation. Technolog:i,cal forecasting is that specialized branch of the 
planning activity that is concerned with anticipating trends and events 
based c;m knowledge of anticipated changes in the level and spread of 
technology during the forecast period. It ·is particularly.concerned 
with the functions of research and engineering inno,vation. A partial · 
list of the various areas to which :technological forecasting has been 
applied is . shown in Appendix B • 
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Technological forecasts of U.S. ·energy requirements first appeared 
in the literature around 1960; about. twenty-five energy forecasts have· 
since been published. Most of t~ese forecasts are for u.s~ total energy 
requirements ·for the year 1980 and a few for the year 2000, as shown in 
r·able I. Some forecasts have been reported for individual fuel 
requirements, and very. few have considered fuel l;'equiremeat~ by se.cto'rs · 
and/or their. end use •. These forecasts reflect inherent d:l,.fferences in 
methodology, preferences of forecasters, time available for their 
preparation and the span for which they are intended. Therefore, the · 
criter~on of accuracy, per se, should be viewed only in a relative 
setting. Rigorously speaking,. the CJ;'iterion of a technological energy 
forecast being reasonable rather than accurate seems more appropriate. 
Almost all the forecasts discussed herein were prepared before the. 
recent surge of public _and governmental concern about the environmental 
quality. Therefore, they contain little, if any, information about the 
effects of environmental quality control legislation on future energy· 
consumption patterns because the production, transportatic;m and 
utilization of energy is deeply involved with environmental .quality and 
conservation considerations •. 
There has been observed a definite relationship between U.S. total 
ene:i;gy consumption and gross national product (in constant dollars) (67) 
over the past 150 years. This relationship has also shown that a 
decreasing amount of energy has been required for each unit of GNP (9 ) ; 
however, the . trend appears to be changing, and in the future, it is . 
possible .that a constant or even increasing amount of energy per unit of 
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GNP may be required if the currently accelerated rates of energy 
consumption continue. One reason for this·changing trend is that the: 
technical efficiency of new electric,power. plants and other energy 
conversion devices is no longer.increasing substantially and may even 
5 decrease over the next several decades. Most of the forecasts reviewed 
herein did not consider any such structural changes in the U.S. energy-
economy system. 
In the case of individual energy sources (fuels), most of the 
forecasts made several convenient but questiona'ble assumptions. A major 
and common assumption is that the ove.rall and relative prices for various 
energy sources will remain such that th.eir prices need not be explicitly 
con~ddered. A second and related assumption is that there will be .no 
limit on the availability of any energy source. This assumptic;m of 
unlimited availability or fuel at no change in their relative prices is 
of questionable validity as has been recently evidence in.the wake of 
U.S. enetgy cri,sis (68) in genera;L.and shortages in the supplies of 
natural gas in particular. 
Another significant observation thiat sh.ould be made· before 
concluding this ch.;Lpter is concerned wit~ the absence of an analytical 
framewol;'k for the .forecasts reviewed herein; nearly all have been based 
on qualitative, .intuitive judgements or simple extrapola1;:!.1;ms with 
respect to time. Only four forecasts ( 8 , 9 ,10 ,53) whic;h did incorpor-
ate some analytical tools could be identified, but these,. too, were 
limited to using either.linear o):' multiple .regression statistical 
.. 
5This does not necessarily mean that the U.S. economic. efficiency 
is decreasing. Technic~l efficiency must be distinguished from 
economic efficiency. 
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techniques. That.partly expl~ins the. reason why there are hardly a~y 
mathematical formulations in this literatllre review.. In fact'· the 
above observation concerning the absence. of an analytic~! fra,mework for 
· neat'ly .all U •. s. energy forecast;s waei recqgnized quite early in th.e · 
course of this study. 
The ne.ed for developing an· energy £orec13.sting methodology based on 
a theoretical and analytical framework is self-evident; hence, the 
justificatton for developing a numerical techno~economic energy model 
for forecasting l,J.S •. total energy _requirements for the years 1980, 1990, 
2000 and 2025. 
CHAPTER IU. 
BACKGROUt:l'D FOR THE MJDEL 
All technolog;l.ca1 forecast models contain certain basic elements 
repre$enting those parameters which, .in the opinion of the forecasters, 
influence the models' behavior. In case of technological energy foJ:"e7 
casting, the parameters which are believed to influence the.forecasts 
are generally considered in terms of some aggregate technological and 
economic parameters. Only. those parameters which are believed to evolve 
fairly cons:l.stently over. a long period of time are actually incC)rporated 
in the formulation, of technoJ,ogical energy forecasting models. However, 
the question of selecting an appropriate set of parameters poses 
considerable difficulty and introduces a degree of un~ertainty in.all 
energy forecasts~ On the basis of th.e literature rev;l.ew presented in 
the preceding chapter, it was concluded that; nearly all technological 
energy forecasts were made by correlating historical time-series energy. 
consumption data w:i;th some aggregate economic. parameter such as 
population growth, gross national product, per. capita in.come, changes 
in labor force and level and spread of technology, etc. 
For a systematic .study of the background of the tecqno-economic. 
model. represen.ting the U.S. energy economy, the f ollow;l.ng discussion is 
divided into four sections. The first deals with the very nature of the 
energy forecasting problem. The second discusses .a conceptual framework. 
emphasizing the rol.e of energy as an under-grid for all terrestrial 
36 
activities, and the ·third and fourth sections describe the econpmic and 
technological settings of the .model respectively. 
Nature of the Energy Forecasting Problem 
It is well known that individual techno-economi<l systems; like the 
one \lllder study herein, tend to grow in size and complexity. Sine~· the, 
problem at hand lies at the interface of economics and. engineering, it 
seems necessary to identify and quantify the interre;Lationshipi:i among 
those economic and technol,ogical parameters which affect the U.S. energy-
economy system. In such systems, elements of complexity arising from 
the interaction of technological and economic forces become an int~gral 
part of the nature of the problem itself. 
Since the accuracy of energy forecasts depends upon th_e astuteness 
with which various assumptions are made by. the forecaster, they may be 
considered, at best, contingency estimates. The element of uncertainty 
is an integral part of the energy .fot'ecasting problem; hence, it is. 
impossible to make an absolutely accuri;i.te forecast. This author is of 
the view that the prospects for developing a fairly a~curate forecasting 
model are greatly enhanced if the forecaster is able-to sy$tematicE1-lly 
analyze tije more specific and manageable components of tl)e comple:x; U.S. 
energy-economy system. 
Energy: The Under:--Grid for All 
Terrestrial Activities 
Definition ~ Si&lificance £!.. Energy 
Energy may be defined as the capacity to do work. Implicitly, 
however, the rate of doing work is also considered s:f,gnific~nt in this 
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definition. It .is ·per.haps for this :reason that man .has relegated :horses 
and sailing craft to the ·realm of sports (at least in the'.developed 
countries) because of. their. limitations in rendering work at the desired· 
rates •. 
Energy utilization can be traced all the way from the earliest 
efforts .of man to the use. of fire, invention of the wheel and other 
inventions such as power.producing devices of Newcomen·and Watt. up to. 
the present technologi,cal .accomplishments ..,. the computer, .Saturn rocket, 
jumbo jet, ·ete:• All these events. have taken place ·within aii · inextt'icable 
framework consisting of Space,. Time and. Energy; these may be character-
ized as the three basic building blocks . for the Universe. Based. on thi.s · 
hypothesis, it seems apprQpriate to etud.y energy in.an.inetitutioual 
eetting. Space and Tim~ are believed to exiet in a continuum of 
eternity; .Energy alone lends itself to manipulation by man. 
The signific;ance of energy as al,'1 under-grid for all terrestrial . 
activities is .illustrat;ed by the conceptual framewox-k shown.in Figure 5. 
It cons;Lsts of four components of the physical, environment:: Sun, Soil:., 
Water and Air. The sun with .its radiating .solar energy makes :.the so.il 
fertile; causes weather conditio~s·and accounts for an ecologi~al 
balance. The '.above four components f <?'li'm a . unique, indispensable .and 
stable abode for man. Along with energy 1 man. utilizes the th:ree factors 
of product;:ion n~mely, la~d; labor .. and capital to sathfy all ·his wants. 
From a, systems analysis view, howev.er, . the• three factors - land, la~or · 
and capital - represen.t special c•ses of the ma,nifestation. .of energy. 
Land represen.ts a .vast .amount of .latent chemical e'll-~rgy.. Labc;>r 
i 
represents. a sto.ck of physical and tntel.lect;ual .. forms. of ~~ergy to 
eJ!:Ploit the other two factors.. Capital .represents a stock .. of potential 
SUN. 
FIGURE 5. CONCEPTUAL FRAMEWORK SHOWING SIGNIFICANCE OF ENERGY AS 
AN UNDER-GRID FOR ALL TERRESTRIA"- ACTIVITIES 
Note: 
The letters P, P, F in the smallest triangle denote past; present and future respectively. 
38 
form of energy. Energy, therefore, plays a significant role in the. 
production of goods and services - a central concept in economics. 
The Concept of Enere;y in Economics 
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From a historical perspective, the sweep of economic c~Q.cepts from 
the early Physiocratism to early Classicism in the 18th Century and its 
extension into the 19th Century, may be regarded as improvements in the 
theoretical edifice of economics. The ma.in contribution of Adam Smith 
(69) was to free economic. theory from the shadows of ethics that the 
Physiocrats like Quesi;iay had cast upon.it and, to substitute concepts 
dealing with the relationships between price, utility and labor. Then 
came Walras, Jevons, Menger and Marshall who made significant contri-
butions to pure economic theory. It ·was not until 1936 that Keynes 
enunicated the principles of the so-called Keynesian economics dealing 
with the theory of output as a whole. Then the idea of simulating an 
economy with mathematical models, bas.ed on aggregate economic parameters, 
took firm roots; Samuelson (70), Tinbergen (71) and others have suc-
cessfully shown the merits of economic.modeling in the past three 
decades or so. 
The school of Physiocratism, which flourished in France, considered 
economics in terms of land being the primary source of wealth• (les 
richesses). The economists of the classical period regarded labor 
instead, as the primary factor of production. In retrospect, it seems 
that both sc:hools of thought had grasped the essen.ce of economic 
activity - the energy. The Physiocrats being in an agricultural country 
at that time were prone to consider economics largely in terms of land, 
and the Early and Late Classical Economists being amidst the industrial 
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revolution, attached more importance to labor. Both groups, however, 
considered wealth in terms of stock and flow. Thus the mechanism of 
economic activity was fully realized nearly two hundred years ago, 
whereas the law of conservation of energy had not then been formulated. 
In fact, the current concepts of energy per ~ had not even entered into 
human thinking. 
6 From a broad techno-economic. stand point, energy may be regarded 
as the common den.ominator of all means of prociuction. Adam Smith pub-
lished his celebrated work, "The Wealth of Nations," in 1776, in which 
he discussed labor of every nation" ••• as the fund which originally 
supplies it with all the necessaries and conveniences of life which it 
annually consumes." (69) Economists like Carver (72), Pigou. (73) and 
Pickler (74), during the first quarter of this century, attempted to 
relate the cycle of human production and consumption in terms of energy 
in an agricultural context. 
Based on the foregoing remarks, the relationship of energy with 
other.techno-economic factors of production is illustrated in Figure 6. 
~ Concept of Enerw in Engineering and Technology 
The essential link between energy and work has always been an 
engine or some sort of an energy conversion device. For example, the 
human body, Watt's steam engine, the internal combustion engine and the 
turbines of today - all these rep resent energy conversion devices 
producing work with varying degrees of efficiency. In fact, the 
6 In this context it is to be appreciated that all the economic 
factors of production embody energy either directly (e.g. as fossil 
fuels) or indirectly (e.g. land, labor, capital, knowledge, etc.). 
z 
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FIGURE 6. RELATIONSHIP OF ENERGY WITH OTHER TECHNO-ECONOMIC 
FACTORS OF PRODUCTION 
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development of various types of engines has proceeded hand in hand with 
the forms of energy available for ut:f.lization. 
Engineering and technology are meaningless without an adequate· 
energy base. Energy has served as the common fulcrum around which the -
levers for technological and economic development have _been applied. 
Like .a hugh grid, energy encompasses __ all branches of engineet'ing 
activity. Even the term. "engineering" is a legacy from the times of 
James Watt who ,developeCJ. the steam engine two hundred years ago. This 
author is of the opinion that the practice. of "engine-ering" has -far 
exceedeCJ. its originally _envisaged scope; and, it_ may.well be r-eworded 
as energeering for it is in the discovery, development, availability, 
Cilllocation and ut_ilization of energy that all of the terrestrial 
activities can-be.analyzed today. In a sense, engineering is the 
consequence of energeering. 
In ·short, energy is .a common denomi_nator of all tbte activities 
'under the sun'; without it, only a state of inertia will prevail. It 
serves as a gigantic scaffold supporting the vast struc~ure of the 
world in action. 
Economic Setting of the Mf>del 
The significance of energy in sustaining the U.S. economy is 
considered axiomatic. Since.it serves as an _essential, factor of 
producti.c;in, _the proposed energy forecasting model has to be formulated 
in terms of several economic an4 tecqnological parameters characterizing 
the U, S; economy. This sect:ion, therefore, covers a discus1;1ion of the 
past growth of the U.S. economy and its. future pc;itential. 
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Review .s?i!L:.!:.. Economic Growth 
The u. S •. economic. achiE1vements have been accomplished in an. 
environment favored by geographical, hist.ori~al and political circum-
stances over the past century and a half. l'he~e. circumstances have been 
characterized by several distinct.changes. Firstly, the population 
increased by over. 30 times duriµ.g the period 1800-1970. There has .also . 
been a westward shift in popu:J.ation. Secondly, .dramatic changes have 
occurred in the location, type and quantity of work in which the U.S. 
population was engaged. The Americans. moved from rural to. urban areas; 
increasingly they shifted from farming to manufacturing, trade and 
professional serivices. Lastly, the unabated increase in the total and 
per. capita output of t;he economy (between 1. 5 and 2 perc~nt per year) 
has brought to Americans an unprecedented level of affluence. 
Recent studies suggest.that the great economic.strides witnessed 
in the u.s. today can be attributed to increased output per unit of 
input such as land, labor, capital, energy, education, res.earch; etc. 
In fact, economists now view the spectacular U.S. economic growth not 
simply . as an .increase in labor an.d capital supply, but very significantly 
as a continuing process of technological changes whi.ch, pet:' se, is 
_., . 
unthinkable without energy as an input. 
Betweeu 1854 and World War II, the U.S. economy experienced 21 
recessions with varying degrees of amplitude. The great depression .of 
the 1930's was particularly severe with unemployment reaching 2~ percent 
of the labor force in 1933, and the gross national product (GNP) falling 
nearly.30 percent during the four years following the 1929 cri,i.sh of the 
stock market .(75). Prices kept on falling, factories and mines begolj.Il 
laying off men, farm foreclosure sales were routine and nearly 28,000 
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banks and businesses closed their doors. Breadlines were common. sights·· 
in industrial centers as nearly 5 million workers lost their jobs~ To 
add to this misery, the summer of 1932 brought one of the most severe 
droughts in American history. It was .not until 1937 that.real GNP 
reached the 1929 level. 
The U,S. economy in the immediate Post-War yean reached a record 
level of production and the unemployment was at a low rate of 1. 9 
percent, The Employment Act of 1946 charged the Federal Government with 
the task of maintaining maximum employment, production and purchasing 
power. It marked a significant departure from the substantially Laissez 
faire views of the pre-war era. President Truman's 1947 Economic Report 
(76) outlined various economic policies and goals that called for the 
attainment; of a four pel;:'cent growth rate·in real GNP and an unemployment 
level not to exceed 3.5 percent. But throughout 1946-48 there were 
increasing inflationary pressures .as business investment rapidly rose 
from 30, 6 billio.n in 1946 to 46 billion in 1948. The consumer price 
index increased 23 percent. ·Although the aggregate demand had increased 
rapidly, the scarcity of raw materials and capital quickly curtailed the 
real GNP growth. Thus, a series of policies to curb inflation were 
introduced. An increase of 20 percent in government spending was 
effected and several built-in stabilizers (77) were used to minimize the 
economic.downturn. 
From 1948 to 1968 the U.S. economy ha.s been characterized by 
Friedman EJ.S a see-saw of inflatiop and recessio.n (78). During this 
period, t'Qe real GNP increased. at an average rate of 3. 7 percept, 
Several years in the late 19SO's were sluggish but, on the who,le, the· 
record .seems impressive. During 1961-66, the U. S, GNP can be viewed in 
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terms of seven millio"n new jobs, doubling of business profits, in~rease 
of national {real) output by 33 per;cent, and the aloSing of. the $50 
bill:l,Qn gap between actual and potential production that plagued the · 
American economy in 1961. 
In view of the foreg.oing remarks, it seems appropriate t~ stucly the 
interrelatioJlship of several aggregate economic .. par~eters such as· the 
gross national. product, population, labor -force, technological progres·s ,_ 
prices, etc •. Such a stuc;ly of .the u.s. economy; which ·is a vast, 
intricate yet.comprehensible system, will facilitate the ·formulation of 
the ·energy ,forecasting model. 
Economic. and Technological Parameters Affecting . the Model .. 
Nearly all the aggregate parameters which affect the :U.S. energy· 
economy may.be broadly divided into the following four, somewhat over-
lapping categories: 
a) A se.ries of demographic and social parameters interact 
with one.another to furnish :a built-in economic growth 
mechanism. They deal wi tl\ shifts in U.S. population, . labor. 
and consumer .preferences •. 
b) A series of thpse economic. param,eters (having political· 
overtones) which. relate c~anges in U.S •. natio.nal.economic. 
development plans, international tt~de, ,monetary and fiscal 
policies, ·etc. · More specifically, they are concerned with 
fluct~ations in market supply and demand patter~s, prices, 
wages, national.income and. expenditure, gross·national 
pro.duel;:, etc. 
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c) A series of technological parameters affecting the 
technical efficiency·of.the u.s~ economy. These.are· 
reeponsibl.e for causing structural changes in the economy; 
for example, improvel!lents in the technology,of gas trans-
' ' 
mission and the.development of automatic fuJ:"nace1 displaced 
coal·as .a primary.fuel.from the U.S• energy· l!lBrket•during 
the early · 1940' s • Suell. developments are responsible· for 
the ever.-changing patterns of .interfuel. substitution in the · 
u;s. energy -economy systetn• 
d) Cert;a.in climatic parameters which indicate dep.artures. 
from the average winter and summer temperatures, shift~ .in 
patterns of precipitation, etc. 
Study . .2£.. t\gsJ:'eE;ate . Economic Parameters 
Gross Na.tional Product (G~) 
u. S. gross. :national product may be interpret.ad as the sum of either 
7 8 
all the costs or all the expenditures incurred ;f.n producing the final 
outpu~. It is ·usually defined as ·the total ·value of all the final.goods 
and services evaluated at market prices in. a given period of time •. The 
u.s, GN!l data for the ·past century and a half shows .a pronounced, though 
occasionally ;i.n;egular, upward trend in both total ·output and output ·per 
capita. However,.the average rate of increase of GNP declined: from 4~3 
perc~nt per year during _1850-.1889 to 3. 7 percent per year _.during 1890 -
7 These· cost$ .in~lude all fa<;tor costs; indirect taxes and 
deprec,;J.ation, .. 
8 These include the consumption expenditures, government expenditure 
and. gross private investment expenditure. 
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1929·~ and to about 3 percent. per year from 1930" to" 1969:· ··such a decline 
is not. indicated, howevel;', by _the rate' of growth of output per capita 
which, increaaed at about l .65 percent per year· during 1930;.;.1969; · It 
should be note.d. tha,t this annual rate of increase has amounted. to. a. 
f:tve~·f~ld 'incre~se ·:r.n.•outp~t.rp!e'-l:'t·'CA:\1i.ta .. :dull'i~g-ttbl*"?~(e.n'.tuir,iSr ... 
Total Population and. Employed Labor Force 
One ·of the most striking characteristic. of the American people, 
from the.very beginning, ·has been their mobility: from east to west, 
from farm to. factory and from rural to. urban ·areas •. The primary reason. 
for this mobility ha,s been the. absence of a feuda,lbtic orientation, 
the existence of a frontier and the availability oj: free and equal 
opport;unities for all. 
Since the y~ar 1800, when the. U;S, was.overwhelmingly a rural. 
country, .to date, the v.s .. has shown ·a continually declin~ng perce"Q-tage 
of its ·lab.or fo.rce .in agriculture. lt .declined from 80 percent. in the 
year 1800 to .about 9 pe:rcent in 1969 •. The labor force released due .to 
this has. found outleti:; in ot;her _secto:+s, notab;l.y manuf actur;l.ng and 
construction •. From a share of about 20 percent in 1860, these two 
sect.ors.employed over33 percent of the total labor fore'\\ in 1950. 
Although there have been shi~ts in labor working in vario4s se~tors, the 
labor partic:l,pation r'11te has re111&ined within.a very narrow range. For 
examp_le, from 1890 when this·:rll!.te was about 42.2 percent, it •l\as 
increased to about 46 percent, aver~ging around 43.8 percfimt. This 
circumstance .reflects stability of the ·male working gro1,lp aged 25 to 64, 
a IMit~ed decline in labor force participation ,for younge.r and oli;ler 
people.~nd an. in~~ease in th~ proportion of women seeking jobs• 
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The term labor force was originally used, by the National Industrial 
Conference Board dur;i.ng the 1930's as synonymous witl) the total number. 
of gainful workers •. Kuvin (79) is of the following view:. 
The labor force, viewed as a reserve of potential workers 
having gainful occupations, must of necessity have an 
inertia with respect to its ·siz.e and growth. That's to. 
say, the number of available persons on call plus the. 
number engaged in remunerative pursuits does not fluctuate, 
with business swings. Each year there is an outflow of 
worker13 from the force through emigration, death, retire-. 
ment, physical disability and the. like, but the;:e is .also 
an inflow through immigration, increased age of young 
people, termination of education, increasing remunerative 
occupations for women, and so forth. Underlying these 
flows in and out of the labor force are such basic 
factors as a changed standard of living, increased 
mechanization, population, age composition and growth. 
With thi.s d,efinition, the idea was abandoned that the labor force 
was a slowly changing body of workers responsive chiefly to changes in 
population. Instead, the fl.e:icibility of the working population was 
clearly demonstrated because, the amount of movement into. and out of the 
labor force from week to week or year to year, the potential increase or 
decrease due to the changing military environment of the country and the 
characteristic of persons entering or withdrawing in response to 
variations of aggregate demand were clearly shown by the mont~ly 
statistics or labor.force. 
Bancroft· (80) is of the view that the term labor fo.rce .used as a 
measure of the current labor supply has some defects. It ·is not a 
measure of total labor supply except in the sense of the number of 
workers who.are or could be engaged immediately. This concept gives a 
minimum measurement of individuals available. immediately alllOngst the 
labor supply. Several sources of discrepancy in classifying labor force 
data - affecting unemployment and hence labor force participation rates -
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have been ·discussed by Bowen ·and. Finegan (81) ~ Howev~r~ it should be 
remarked that; such difficulties do not become .a· soui::ce· of eer:f,ous .etroi;o 
if consistency in. the interpretation and use of labor force data is 
111a;Lntain.ed. 
Technological Change 
Technological change·refers to any. change in the,amount of the 
factors ·of produc t;ion req.uired per. one up.it . of ou~put. This is a broad 
concept encompassing shifts in product mix; substitution e~fects~ non• 
linear input ·requirements, economies ·of scale as well, as sh,ifts from one,. 
production function to another •. Technological changes.may be considered 
synonymous with. the level. and spread of .technology in t;he U,S, economy. 
In add;(.Uon to demographic· and economic, factors,, technological· 
developments in .the U • ~ • have had ~ign±f icant contribution in reducing 
the overall energy requi:i:-ements per unit of GNP produced, Stro~t·(S3) 
has esti,inated ;that,. if the U.S. ec~nomy had continued in 1954 with the· 
level and spread of the 1939 technology, it would have required an 
additional input.of about 9.3 x 1015 BTU or.24 per.cent of the total 
energy demand il'I,, 1954. 'l;.his ·saving was affected as the .composite result 
of improvements in technical plant efficiency, energy conversion 
tec~niques and, in many case.a, th.e substit.ution of capital equipment for 
energy as a factor of ,production. 
Underlying tqe migration of· labor from primary occupations through· 
secondary to the tertiary ones, there lies the impelling force of 
technology, . The U.S. agriculture presents a no.teworthy example .in whi.ch 
the ·use. of te~hnology has . considerably .. enhanced. productivity.. Between 
1880. and 1968, for instance, the time required to harvest ene acre of 
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wheat on the Great Plains has fallen from twenty-two hours to two. 
Meanwhile, the time needed to raise 100 bushels of corn droppea fro'm 147 
man-hours in 1910 to four or five ma.n-:-h,~IJ~;!~,p::resent: (82) •. To meet the 
rising demand~ for goods and services, the average output per worker 
per hour has stea4ily _increased in response to increased technical 
knowledge, research and mechanization. 
The increase in labor productivity for the goods sector of the 
economy has peen greater than for the serv:ices sector, The reason for 
this circtnnstance is that hugh C'1iP.ital expenditures have been invested 
in the form of new plant equipment. Such expenditures at .least in the · 
short run tend to be irreversible because equipment, once installed, 
becomes available for use. Therefore, it is generally agreed that 
capital investment and productivity have a positive correlation; 
' 
technology stimulate_s investment, which in turn, promotes new advances 
in technology. 
Price-Cost Mechanism 
The so.-called Fisher's equation.of exchange (83) relates the 
quantity of money available in an economy to an average level of price. 
In its simplest form, the equation is given as: 
MV•PT 
where, 
M • quantity of. money avai.lable in an economy. 
V • _velocity of circulation or the number of times that 
an average dollar is spent per µnit.of time. 
P '"' the general level of price or a price index •. 
T • the number of t;r.ansactions made in an economy .. per 
unit of time; this is a measure of physical output. 
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The above equat:!.on state$ that the amount of expenditure (M tiinesV) 
must equal the amount of receipts · (P times T). This· equation .·doe·s not,. 
however, give a causal relationship between M and P. The subject· of. 
supply of money in t4e U.S. ·economy has been exhaustively covered under. 
the crusading enthusiasm of Friedman. (84)~ 
From a macro-economic point of view, the effect of more money or. 
more.spending on prices .cannot; be determined unless we also ta],ce into 
ac:couni;:. its effect on the volume of tr.ansactions or gross output.. For 
inetance, if there is inc:reas.ed spending in the U.S. economy, either by 
the government or tl?.e private sect.or, these. expenditu:res will have 
multiplier-~chanism effects spreading throughout the economy. The 
result will be increased output and employment, provided it ;Ls possible 
to raise the output. However, there may be exceptions·, too; for example, 
during 1934-40 when output increased by 50 percent, the prices rose by 
less tha,.n five per.cent only. This was due to the great amount .of 
unemployed resources, making .it easy to expand output without price 
increases .• · But this may. no longer. be true when a level of high employ-: 
ment or ne.a,rly full plant utilizat:ion is already reached. Then an 
increase in spending can not quickly lead to an increase in output simply 
because the resources for more produ~tion are lacking. The re~rnlt, 
instead, will be :an increase in pric~s. Therefore, there should be 
considered a corollary to the .above statement; additional. spending . 
from .any source is inflationary when it is difficult to raise O\.\tpui;:.. 
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The .!!.:!..:.. lkono~ :. Quo Vadis? 
In view of the foregoing two se.ctions, it ·seems appropriate to .take 
a look at th.e long-term prosp~cts of the u.s. economy. This seems 
partic~larly relevant · to .the objective of thi.s stu~y because the 
anticipated chang_es in the ,patterns of the U.S. economic growt\1 will also 
affect the energy forecasting model. 
President .Nixon in his 1970 State of the Union message .told the u.s. 
Congress, 
Our gross . qational product will increase 'by 500 billion 
dollar.s i,n the next 10. years. . This increase alone is 
greater than the entire growth of the American economy 
from 1790 to 1950. The critical question is no~ whether 
we will grow, but how we .will use that growth. 
The tendency to take long-term U.S. economic , growth for granted is a 
by-product of the superboom of the 1960's, the longest. period of 
uninterrupted economic growth. Prodigality has been the mot.to of the · 
U.S. economy during the .past decade~ Recent forecasts by .the u.s. 
Bureau · of Labor . Statistic.s, the Council of Economic Advisors, National . 
Industrial Conference Board, the :t<fational Planning. Associatio~ and many 
other governmental and private organizations have strengthened the 
optimism for continued U.S. economic grow.ti]. .• 
Between. 1959 and 1969, real gross national product of tpe U; S. 
increased at an a~erage of 4.3 percent a year. For tQe future, , the most . 
optimistic forecast · is continuat.ion of the trend at 4.3 percent pei:: year, 
whereas the most pessimistic one projects growth at 3.5 percent. liow-
ever, cur.rent trend in GNP growth may be . entirely misplaced in. view of 
recent departures of productivit;y and labo_r force from their long-term 
trends. Sine~ 1966, for instance, productivity growth in the private . 
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sectors of the U.S. _ec.ono~ has averaged only about 1. 6 par.cent instead 
of the e~ected 3 or 3.2 perc;.ent •. The labor force., on the other hand, 
has· .increased by more than 2 percent a year since 1965, about 33 per ... 
cent more than its long-term treri.d. 
Silbermatl (85) has disaµssed the.. factors responsible for the 
departure of several key·economic parameters from their long-term trends. 
In his view, certain uncertainties relating to political, social, 
cultural, demographic and tec~nological changes may have af,fected the 
rates of growth9f U.S. ·productivity and labor force. If; for example, 
productivity were to regain the momentum of the early Sixties ·along with 
the cui;rent; rate of increase in labor force, then the real GNP might 
act;uaJ,.ly grow at;: an average of 5,5 or even 6 percent over the next 5 to 
10 years• In terms of real. gross national product, this would. lead to a 
low value of $1.1 trillion o:i; a high val.ue of $1. 3. trillion dollars by 
the year 1975. 
The ch~ges in the U • S, produc ti vi ty and labor force are affected 
by several factors. Firstly, the average number of hours worked per 
year, average capital-labor ratio in the. economy and formulation and 
adoption of new social va!ues, etc., all tend to influence. both, the 
supply of labor force and p:i:-oc;luet:ivity. Brzezinski (86) ha,s post1Jlated 
that the U.S. is now moving ii;ito the techne-..tronic era, ot .a post~ 
industr;Lal era which offers increasing number of jobs. He believes 
that certain profound changes, just beginning, are creating three .. 
Americas in one.. The first ·one has been .characterized as the post-
indl,lstrial America symbolized by the new complexea of learning,. research 
and development ·that· create unprecedented opportunities ·for innovati.on 
and experil{lentation in all sectors of U.S. economy. The second America 
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is the . industrial America symboliz.ed by the blue and white collar 
workers who had seen the perils of the great· depression but are now 
beginning to.enjoy both security and leisure. The third America is 
the pre-industrial America of sharecroppers, migrant farm workers, 
miners in Appalachia, etc. In his view, a whole new Zeitgeist is in 
the offing. 
Secondly, increased governmental i,nterventic;m, particularly in view 
of the growing pre-occupation with the quality of life in America, is · 
evident with respect.to the allocat:Lon of resources. There are two 
areas which may be particularly affected by future governmental action. 
In view of Senator Muskie's bill requiring 50 percent reduction in 
auto-pollution from new cars by the year 1975, there are likely to occur 
several social, technological and economi,c changes in the overall 
economy. Also, there is the case of the electric power industry which 
has been desperately struggling to meet the rising electric power demand, 
nearly .doubling every decade. Public concern over. environmental 
pollution has already caused serious d,elays in·the siting of new power 
plants or expansion of the existing ones (87). Delays aside, govern-
mental action to abE,\te pollution is most likely to increase the cost of 
electricity, with as-yet-indeterminate conse.quences for all types of 
consumers. DuBridge, President Nixon's former sc;tence advisor, 
testified last February before a Senate Conunittee (88): 
It may be that energy consumption is growing so fast in part 
because the price does not include the full cost to Society 
of producing and delivering it. I believe that efficient 
over production is jUE!t as ·important as ever, to our 
economic. growth; but we ·delude ourselv.es and· perhaps short-
change futul!'e generations when the price of electricity does 
not include the cost of the damaging impact its production 
imposes on the air, water and land, If the total social 
cost of electricity or other products is included in its 
price, consumers will have the inherent ability to consider 
the effect of their decisions on the environment. 
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There are additional factors which could affect the course. of future 
u.s. economic growth. F.actors such as t:he specter of social unrest and 
disorder, inability of the federal government in curbing spiraling 
inflation, the acceptance of a new Zeitgeist into the American way of 
life, or international political plays, etc. - all these have been cited 
by various economists, but there is no general agreement on their 
quantitative effects on the future of U.S. economy. 
The mat;ter of continued inflation, for example, has been studied 
by the Urban Institute and the Brookings Ins.titution. Both have 
independently reached the conclusion that the "trade off" between 
unemployment and inflation is a good deal less favorable than most 
economists had previously thought (85). The Urban .Institute Study 
indica~ed that with a. four percent unemployment rate, . the price level 
would ris.e by about 4.5 percent a year. It is possil:>le, of course, 
that manpower training programs and computerized job banks could improve 
the said "trade off." 
Summa~y of the Economic Setting 
In the final analysis it seems th~t changes in productivity will 
grea.tly ·influence future U.S. economic growth. Changes in labor force, 
relatively speaking, can be fo:i;eC:ast much more accurately because of the. 
consistency observed in labor force participation rates dudng the past 
century or so .• 
In the post-war period, r:l-sing productivity has ac.counted ·for 
two-thirds to three~quarters of the growth of GNP in the U.S. If 
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Brzezinski is correct, the trend of increased productivity will continue. 
though at a reducing rate. On the other hand, :l,f Reich .and McLuhan9 (85) 
are correct, productivity may considerably decline because of a changing 
trend in the Zeitgeist of the younger group of U.S. population. 
There is an accepted relationship between technology and producti-
vity. According to the "wringer hypothesis" developed by the ,Bureau of 
Labor Statistics, business firms usually do not realize the full benefits 
of new or improved technology until they have been forced to go through 
the wringer, a process that leads them to aut costs and work at 
productivity gains. But there also exists an element of concern that 
some major sectors of the U.S. economy, such as the utilities and 
petroleum refining sectors, may have already exhausted the gains 
accruing from old technologies. In case of electric and gas utilities, 
for example, output per man~hour increased at an average rate of about 
6.2 percent a year during 1947-1965; since then, however, the rate bas 
averaged about 4.1 percent. The problem is not so much that utilities 
can no longer realize .economies of scale, but that concentrating output 
in fewer but bigger generators endangers hugh productivity losses even 
if only one such unit goes out of commission (89 ). 
The rapid expansion of antipollution measures has also raised 
further questions about productivity. Since the current price system 
does not reflect the social costs of pollution, any significant attempts 
to abate pollution would require inputs of capital and labor that will 
not be reflected in any increase in input. By definition, therefore, 
antipollution measures will tend to lower. productivity. There ma.y be 
9 They contend t;hat a large proportion of the inc.rease in future 
labor force will occur in the younger age group (18 ... 30 ye.are). 
57 
other indirect consequences as well. The effect of imposing stringent 
regulations on the electric power and automobile industries - which are 
major sources of pollution - would also result in decreased productivi-. 
ties because the manufacturing and the transportation secton ·of the 
economy are highly energy intensive. 
In view of the foregoing remarks, it seems appropriate to study 
the future total energy requirements for th.e U.S. in relation to the. 
composite effect of at least the following aggregate economic indicators: 
gross nat.ion.;ll product, population, labor force, productivity as 
reflected by technological change and price of energy, 
Technological Setting of the Model 
The study of the U.S. economy has been traditionally ascribed to 
economists who have published most of the energy forecasts so far. 
Their methodology has been either to project the historical, time series. 
energy consumption data into the future or to use the so-called building-
block approach. If forecasts of each major energy sources or use are 
made and added toge.ther. for the. total energy projection, .the forecl:l.St is. 
classified as a building-block approach. In both cases, however, some 
aggregate economic parameter is correlated with sqme measui;:e of energy 
consumption. Somewhat more sophisticated energy forecasts (8 ,9 ,53) 
have been based on multiple correlation and regJ;ession techniques as 
well. 
Most.energy forecasts published so far do not incorporate techno"" 
logy.and/or price as significant parameters9 al,though changes in these 
parameters can significantly affect the overall produ~tivity of the 
economy. Fabricant ( 90 ) has est.imated that about 90 percent of the 
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increa~e in U, S, output per capita that occurred during 1871-1951, can 
b'e' attributed to techn.ological progress. The productivity gains in the 
case of American agricultural development is ano.ther familiar example. 
Although economists have long studied various aspects of labor 
productivity in the U.S •. economy, it seems paradoxical that none has 
considered labor productivity as a parameter in forecasts of U.S. energy 
requirements. This a.uthor recognized this limitation .in the early 
stages of this·study and felt that a parameter representing the level. 
and spread of technology should be included in the energy ,forecasting 
model. Solow ( 91 ) has shown. that the U.S. labor productivity ;ls 
di+ectly dependent upon the level and spread of technology which, in 
turn, may .be approximated by the availability of capital per worker. 
Therefore, to quantify .. the level and spread of technology in the U.S., 
it was decided to analyze the availability of capital per worker versus 
the productivity of labor, as shown in Figure 7, By incorporating the. 
effects of changes in technology, price and several. other relevant 
parameters, it seems possible. to study their simultaneous effect on the 
behavior of the proposed tecbno-econo~ic model representing the u~s. 
energy economy system. 
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CHAPTER·IV 
ME'.J;'HODOLOGY 
Th.e purpose of this chapter is to describe the propoeed methoqology · 
for the development of a tech1'o"'.'economic mo~el ·representing the u.s. 
enetgy econom,y system. The model is to be simulated for technological 
energy forecasting for U. S; total energy requirements for the years 1980, 
1990, 2000 and 2025. Throughout the chaptei, considerable emphasis is 
laid on the formulat:i:on of a the.oretical basis for the proposed 
methodology itself rather than on the accuracy of numerical results 
obtained from it. This has been found necesliary so as to prqvide the 
model with a sound basis; its ;acc;urate quantificat;:ion is then considered 
largely to be a funct;:ion of the accuracy of the data used. 
Following the statement of a generalized technological energy 
fotecasting model, the develop~nt of the proposed techno-economic. 
model. is systematically undertaken. In so doing, the interrelationships 
between u.s~ total energy consumption and several tecbnologi~al and 
economic parametex-s are analyzed •. With slight modificatiqns to the 
techno-econolllic model, a prediction-equatiotl- for U.S •. total energy 
requirements is also derived, 
Statement of Proposed Methodology 
Th.e methodology proposed for the develqpment of the techno-economic· 
energy forecasting model is the result of a broad engineeting a~alysis 
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approach in which the U.S. energy economy is considered as a system. 
The gross outp\lt of this system is considered in terms of U.S. gross 
national product (Gm') evaluated at constant· 0.9,58) dolla.rs. From an· 
energy balance point of view, this output; requires an equivalent input. 
Which, in case of the proposed techno...,economic model, is taken as the, 
total energy input .into .the system. 
Several components of t;he system affecting its behavior can be 
identified. · The sum totd of all the goods produced is consU'1ied by the 
10 population in the SYE!tem; in addition, a fraction of it (denoted as 
the labor fo:rce) participates in the production of the GNP itself. Also, . 
the level and spread of technology in the system dete:r;mines the level of 
productivity, directly affecting the. rate and efficiency of the produc-
tion of GNP. • The influence of the general price indices on the produc- · 
tion .of the GNP is selt'...,evident. 
The above model, therefore, incorporates the following aggregate 
economic .and technological parameters: total energy conS\.Ull.ption, 
population, labor force, level and spread of technology and price of 
energy. The quantification of this model enables a study.of the 
simultaneous effect of the above parameters on total ene.rgy cons\lmption. 
Gene~alized Energy Forecasting Model 
Total energy requ:f.,.rements for a. given system al;'e knQwn ta, be a. 
function of several parameters generally clasE1ified as economic, 
demographic, tecqnological; political and climatic, ·. Such parameters· 
10 . 
It is realized that some of the goods produced are exported. 
However, from a systems point of view, energy and labor inputs are 
needed to produce them in the U.S. Therefore, they are cqnddered part 
of th.e GNP and as if consumed by U.S. population. 
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may .be. called ex;ogenous or independent pa:i::ameters because they dijterm.ine·. 
the energy requill'ements - the end~genous or depe"Q.dent parameter, There- · 
fore~· the ·functional. equation for the geiieralized model may: be wi-itten · 
as: 
(I\7.1) 
where, a, b, c, ••• m are suitable indices for the ,parameters E, x1 '· 
•• -. x ' n· respectively. A series of exogenous pa'J.'El.l!leters ._ 
represented by (Xi),, which are ·believed to affect the tot~l energy . 
requirements. (E) of the ,system are listed below: 
x1 : some aggregate indicator of economic:growth of the 
system such.. as: GNP, .national. income, etc. 
x2 : · a measure of the system population •. 
x3 : represents a measure of active population or the .labor 
force enq>loyed. 
x4 : a c~mposite ,parameter of the level and spread of 
technology throughout the economy. Th~s is xeflected 
primarily through increased industrial growth and., 
indirectly as increased productiv~ty of labor. 
x5 : ·some measure of th.e real costs and prices in the 
system in general and those pf the energy sources 
in ,particular. 
x6 : consumer·preferences, considerations of ·environmental 
quality, interfuel competition and substitution, etc• 
x7 : political factors ·being on the formulat:l,on af public 
energy policy, global ·energy.supply patterns; etc. 
x8· considerations . of ·import!\!. into and expor~s of energy 
resou~ces .from the system.· 
x9 .: domestic energy resour.ces. supply patterns.-
x10: ce.rtain climatic factors indicating average ·tempera-
tures during the .summer and wint.er se.a19ons. 
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It. is obviol.JS that an exact solution of eqµation (IV.l) ·18 i\nprae\.Ol°"', 
ticab;t.e ·and perh~~s impossible.;· ··-'Ille.main diffica1.l,ty·a,rises in view of 
sever~l of the x1 piarameters not-being quantifiable. In·the past, 
several. f~recasters have circ~vented this .difficulty by. either 
restricting themselves to correlating the total energy requirements 
parameter (E) with some·measure of economic activity such as per 
capit.a GNP, or extrapolating past energy coµ.sumption trends .. into- the 
f utur~. In_ all such cases,. however,_ the :parameter E · was correlated 
with no more than two of the exogenous parameters listed above. 
Consideration of Design Parameters For · 
The Propoaed. Model -
Out of a.toto11J.. of seventeen aggregate economic and technological 
parameters, a set of six was .. selected for the ·development;; of th.e 
proposed 111odel forecasting U.S. total energy requirements for the Y4!ars. 
1980, 2000 and 2025. These six parameters are - the gross n$tional 
product, pop·ulation, labor .. force., lev.el and spread of technology, price · 
of energy and total energy .requirements. The .selection criteria for-· 
these parameters are ba~ed on consideratio,ns G>f practicality, avail-
ability .of data and scope of this study. Although some other para~ters 
could have been·included, it was.considered neither necess&'I'Y nor 
poss.ible to be exhaustive. 
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Aseumptions 
Like all ·other. physlcal models used in engi~eering, the propose.d 
model alSo depends; to a large eX:tent, upon the. efficacy of tb~ · 
following set of assumptions mac;le; .these represent a synthesis of nearly. 
all the assumptions made for the various ·forecasts published so far.. In 
some c$ses, however, personal ju~gement has bee.n relied upon -to incor-. 
porate vat:ious considerations of env:;l,.ronm.ental quality an,d eo.onomic-, 
fluc~uations •. 
1) Total Energy. Reguirements · (E): This parameter is assumed 
to.characterize the energy requirements (consumption). of all 
fu1;1.ls used in the U.S. energy economy system. . Fuels are .not 
energy until bur.ned and it. is their. energy content which is 
used. 
Z) Economic Activity (X1): It is assumed that th.e u.s. (GNP) 
ec~nomy will continue to grow at an average annual rate, 
ranging from 3.5 to 5~0 percent during the forecast period. 
lt. is further ass.umed, that the growth of the money. supply · 
determines, to a : large measure,. the .. J;."ate of real growth "of 
the economy (8), and possibility of a major depression i$ ruled out •. 
3) Population Incre~1se (X2): Starting with a rate of 
population increase of 1~75 percent per year in 1962, it _was 
asslltlled that this rate will decrease, each passing year, by 
one percent of its value in the previous year. This assump~ 
tion ·coincides with those. given in Series II of the 
Esti~ate~ of the u,s. Bureau of Census Projection 
4) Labor Force Employed (X3): On the.basis of th~ work 
by Cooper and Johnston ( 92 ) , the· average annual .rate .of 
growth .o'f U.S. labor force is assumed to vary from 1. 6 ··to 
r~ Tpercent. This variation is ·known to correlate with · 
population growth rates in such a manner that the ratio of 
the U.S. labor force employed to its total popul.ation -
the laborparticipation r.ate - remains nearly co,nstant. 
5) Technological Change/Rate of Industrial Growth .. (X4): The 
Federal Reserve Board index for industrial production is 
assumed as a measure of the U.S. industrial growth. It is 
further·assumed that the U.S. industrial growth is reflective 
of the level and spread of technology in the economy. [This· 
is an approximation; however, it should be noted that an. 
index. measuring labor and capital productivities has also 
been developed, as shown in Appendix C. ] It is assumed 
that, during the forecast period, an entirely new industry 
on synthetic fuels will be born. This will perhaps be 
initiated by coal gasification followed by oil shale 
utilization, use of non-polluting fuels such as hyd,rogen, 
etc. 
6) Real Costs ap.d Pric;;es of Energy Sources (X5): This 
assumption refers to fuel prices per million BTU; where 
data are not available, it is assumed that the average 
general price index for all commodities in the U.S. economy 
may be taken as an approximation. Furthermore, it is assumed 
that the fuel prices wo4ld continue to increase, at the rates 
evidenced during the recent "t'aS t. ' · •t '.1 
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7) C1onsiderations of Consumer Tastes t Environmental Quality; 
and Interfuel Compe1tition (X6): This variable has beep 
disregarded in the formulation of the model. However, quali-
tative assumptions are made in evaluating future trends of 
energy mix, environmental quality legislation, shifts in 
consumer preferences, etc. 
8) Political Factors (X7): Since these are generally 
unknown and can not be adequately quantified, it is assumed 
that the prevalent condit;ion of "cold war" will persist 
during the forecast period. No significant change in the 
levels of U.S. defense spending is anticipated, The 
Viet-Nam conflict is ·ass.urned to end by 1973-74. 
9) Foreign Trade <x8): For the forecast period, there is 
assumed a net foreign trade in ~nergy resources that·had the 
same proportional relationship to domestic.demand as prevailed 
in 1965. 
10) Domestic Energy SupElX (X9): It is assumed that adequate 
energy resources will be available to meet the en~rgy require-
ments for the forecast period. Variations from this circum-
stance may be considered in specific simulations of ~he .model. 
11) Climatic Chanses (X10): It is assumed that no .. signifi-
cant climatic changes will occur in the U.S. during the 
forecast period. 
Elaboration of Selected Parameters 
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Several authors ( 8 , 9 ,10 ,53) have studied the :fonctional relation-
ship between energy consumption and some appropriate aggregate economic 
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indicators. An ·excellent discussion of the relationship between energy 
consumption and g;oss national prodllct, for i~stance, is repo;t"ted by 
Schurr et al ( 67 ) • They have shown that during the past 50 years, a 
decreasing amount of energy has been required per.unit of GNP in the U.S. 
Figure 8 shows the phenomenal increase in the U.S •. total energy cons1.µ11p-
tion during 1870-1970, and Figure 9a and 9b show per capita energy 
consumption and energy consl.'IIllption per unit of GNP, respectively. 
The product;ion of goods and services by the U.S. economy reqµires 
four essential inp\lts namely land, labor, capital and. energy which are 
sometimes considered in terms of aggregate economic c~ncept called the 
productivity. Of the four inputs, the parameter of labor force 
employed (or the active population) is responsible for the production of 
goods and services. Those members of the populat:ion who do not contri"'." 
bute toward GNP can be considered, from a systems point of view, as 
consumers only. Therefore, total energy requirements of the u.s., when 
viewed as an input.to the economy, should be considered with respect to 
both, the population and employed labor force. 
From a methodological standpoint also, the so-called labor 
participation. rates i.e. r11tio of active population to the. total 
population in case of U.S. '· hall! remained nearly constant for the past 
century or so. For instance, Long (93 ) has shown that in five years of 
World War II. (up to April, 1945), the equivalent of ~5 milliot;J. full-time 
workers moved into civilian and military employments in the U.S. Thie 
raised the number of employed workers from 45 to 70 million, that is, to 
more than three for every two workers occupied in the spring of 1940. 
These additions enabled civilian employment to augment their strength 
13 million (TI.early 30 percent) while the armed forces were calling up 
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12 million men. In an exhaustive work Bowen and Fin~gan (81) have shown 
that there is a strong positive correlation between employment and labor 
force participation for all major population groups. More recently, 
too, Cpoper and Johnston (92) have shown that higher employment rates. 
have been historically associated with higher labor force participation 
rates. 
The fact that labor participation rates do not widely fluctuate 
tends to improve the prospects of forecasting, for if the long~range 
variation in a parameter is small, the error introduced by it is also 
relatively small. This is particularly relevant sinc.e Hall ( 94 ) has 
defined forecasting as, " ••• an estimate of what future observations 
might be if the underlying process continues as it has itl. the past." 
In the U.S., continuous technological developments and, underlying 
them, a series of scientific discove+ies have served as necessary 
conditions for high rates of growth in per capita income and productivi-
ty. The mechani.zation of U,S. agriculture is a case in. point. The 
agricultural employment declined, between 1947-64, from 7.7 million to 
4.4 million workers, i,e. a decline from 14 to 6.3 percent of the total 
civilian employment. Yet, in the said period, the total acreage in the 
U,S, remained unchanged at about 1.5 billion acres, and output of farm 
products increased. Wheat production went up 17 percent, soya beans 
264 percent, rye 41 percent, barley .51 per.cent, maize and corn 11bout 
412 percent. The overall productivity increased 161 percent ( 61 ) • 
These statistics also .indicate, indirectly, an increase of 75 percent· 
in available horsepower to an average farmer, 102 percent increase in 
the use of fertilizers and the increasing trend toward farm cqnsolida-
tion resulting in economies of scale. This circumstance reflects the 
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interaction of forces of supply and demand, particularly in relation to 
the rising demand for labor in manufacturing and service sectors. 
Although the contr.ibut;ion of technological developments in spurring 
economic growth is considered axiomatic, the measurement of productivity 
has beep. a matter of considerable controversy and difficulty. 
The price mechanism in an economy performs several tasks. It 
induces people to work and earn their incomes for living and compels 
coQ.sumers to restrain their. dei:nands for economic commodities. It also 
serves the function of coordinating the efforts of millions of organiza-
tions and individuals that constitute an ecoQ.omy (95 ). In this respect, 
it is merely an instrument of the society it serves; it is neither 
sacrosanct nor perfect. With respect to prices, two fundamentally 
different situations in macro-economics should be distinguished; these 
relate to conditions of full employment and that of underemployment. 
Policies that make sense in one situation may ,!!2S. make sense in the 
_other. In case of an underemployed economy, for instance, increased 
expenditures in the public or the private sector are considered a main 
objective for the economic well being of its populat~o:p.. ;But increased 
e~enditures in a ft.J.lly employed economy leads, in most cases, to higher 
prices and not to more output ot jobs ( 83 ) • 
In the U.S., the control of the economy is entrusted to two 
institutions: the Federal Reserve Board and the Federal Government. 
These institutions observe and analyze not only the monthly figures on 
percent .unemployment and inflation (the consumer .price index), but aho 
many other indices to arrive at the desired mixture of fiscal and 
monetary control policies. Also, many economists have studied the 
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long-term or quasi..,steady state, inveree relationship between unemploy-
ment and inflation. 
In the latter part of the 1950's, for instance, there was .5 to 6 
percent unemployment with 1. 5 to 2 percent inflation in the U.S. More 
re~ently·(during 1968-69) there existed conditions of 3.5 percent 
unemployment with 5 to 6 percent inflation. Values of 4 percent (or 
less) unemployment and 2 percent inflation are believed to be reasonable 
and attainable under the Full Employment Act passed by the Congress in 
1946. What is, in fact, attainable depends on the ratio of manufacturing 
to service industries and on the extent to which. marginally productive 
workers can be improved in their skills to join the labor .force. Indeed, 
as the service industry sector i:ncreases its contribution to. the gross 
national product, the target values .of unemployment and inflation will 
become more and more attainable. Figures 10, 11 and 12 show the 
changes in the U.S. GNP, unemployment and consumer prices, respectively, 
during 1959-70. 
In case of the price per unit of energy, it is realized that it has 
an inverse relationship with energy demand. Whereas, in actual practice, 
such a simple relationship may not .hold because of incident factors of 
cost-induced or market-induced changes. on price, it is assumed that the 
price of per unit of energy varies inversely with total energy demand. 
The following set of symbols is used for the six parameters selected 
for the development of the techno-economic model: 
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Parameter 
1) Inpl.lt·to the U.S. economy in teiins of total energy 
requirement!:! in a given year, quad~ill:l.on (1015) 
:STU • • • . ' ' . . . . . . • • • • • • • • • • 
2) Output of the U.S. economy in terms of its gross. 
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(2) 
national product in a given year, billions of $ •••• , •• (GNP) 
3) Total U.S. ·populat;ion in a given year, :in 
millions • • • • • • ti • • • • • • • • • ' • • • • Ill • • • 
4) Total labor force in the u.s, economy in a given 
5) 
year, millions of employed workers ' . . . . 
[Labor participation rate for a given year] • 
A measure of the U.S. industrial produGtion 
reflecting the level and spread of technology, 
. . '. . 
' . . . . . . . 
in a, given year • • . • • • , • , • • . ' . . . . . . ' . . . 
6) An average index of price of energy per million 
BTU in $ ... , .. , ..... . . . . . . . . . . . . 
Development of the Techno-Economic Model. 
(:P) 
(W) 
~1 
(T) 
(p) 
'l'he major guiding assumption used in deve~oping the p~opo•ed 
techno,..economic . fQrecaE! tin$ model is th•t the process of U. s. economic 
growth has had Sfi!Veral maciio-economic characteristics by which the 
process itself can be·identified and quantified w;:lth respect to u.s. 
total energy consumption. Furthermore, these characteristic~ warrant 
the e:KPectation of .finding a number of common aspects, interrelated :l.n 
sufficiently coherent and invariant manner, to enable the projl!ction of 
their compo•ite trend into the future. Laffer ( 95) has constrµcted a 
macro•economic.theoret:l.cal model of the U.S. economy which, he insists, 
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is ·"most likely better than any of the well known larger models~" He. 
uses only. raw economic data, .ignores the seaeonal adjust~nts that· more 
convenUona+· economists prefer, because he thinks they "smear things. n· 
He also disJ:egards such matt;ers as t;he likelihood_ of a steel strike next 
SUlllmer, the prospective size of federal deficit.and the amount.of 
savings available with the banks. In his opinion, all these things 
average out .to zero when their effect on the overall economy is analYZE\d· 
The ~xtrapolation of historical time-series data :1,s perh~ps the 
most· commonly used techniq.ue for technological eneJ:"gy forecasting,. In 
general, Jantsch ( 46 ) is of the opinion that simple. extrapolatio11- of 
historical, time-series data for.a system does have one analytical 
element: 
, , • ·the intv.itive expectation that the combined effect of 
internal and external factors which produced a trend over 4 
past period will remain the same during a future period 
(deterministic· techniql,.l.e in business fofecasting) ot that it 
will undergo an estimated graduate smooth change (eymptotic 
technique). Studies conducted .~t tl;u~ General Eleet;;ric ' .. s · 
TEMPO Center have shown· that the factors influencing diffuli!iOn 
of technology. complicate t'Qe pict.ure so as to diiatort a 
smooth curve in some instances. Thefefore, a bi;i.sic rul• for 
trend evaluation, in contra1:1t to extrapolation, is to se1~ct. 
par!illlleters that are effected in !!I. consistent way by the · 
influencing factors. 
Experience h~s shown.that intuitive forecasting of scientific and 
technical param,eterei ·as reported by expet'ts tends to i;esult in .linear 
projections. ·The first, and perhaps most importan~ va~ue of trend 
extr~polation may; therefore, be seen in a correction of the intuit~ve 
forecasting by giving ~reater weight to .facto:u which have dominated. in 
t}le pae,t case history. In general, intuitive e:,icpert forecasting tends 
to be over-optimistic for the short term and too pessimistic f~r the 
long term. Some of the commonly used trend extrapola1;ion formats .are 
shown.in Figure 13. 
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Mathematical Formulation.£!.~ Model 
In view of the interdependence of the U.S. economy and energy 
system, a generalized equation may be written: 
(E) = f1 (U.S. economy) (IV. 2) 
where, f 1 is some explicit fµnction. Referring to equation (IV.!), 
it is observed that about a dozen parameters could be quantified to 
fonnulate a techno-economic model for energy forecasting. However, 
from the literature survey, a set of the following five exogenous 
parameters seemed to be of primary significance for the formulation of 
the model. Therefore, equation (IV.l) is modified and written as: 
(IV. ,3) 
Substituting relevant techno-economic parameters in equation (IV.2), 
U. S , economy = f 2 (GNP , P , W, • , p ) (IV.4) 
and, combining it with equation (IV.3): 
(E) = fl [f2 (GNP, P., w, T, p)l (IV, 5) 
(E) = f3 (GNP, P, w, T, p) (IV. 6) 
The interrel.ationships among the above six techno-economic para-
meters were analyzed and plotted using the IBM 360, model 365 compµter 
and the cal~comp plotter #565, respectively. From an extensive para-
metric analysis described in Appendix D, the following set of rela-
tionships may be written: 
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(E) « (P) Total population 
ex: (GNP) G~oss National Proquct 
ex: (t) J;nduet:rial. production index; 
proxy for the level and 
spread for technology 
Employed labor force 
Some measure of aggregate 
price index (IV. 7) 
Therefore, Equ~tion (IV.6) may be written as: 
[~(!)~ = f. (21!!:~ 1; l)] (P) If W ' ' p (IV. 8) 
or, 
( E GNP 1) fs r' w' ', P" = o (IV,9) 
where, f 5 is an implicit function. 
Vogely and Morrison (9 ) and Strout (53) have considered their 
energy forecasting models as logarithmic linear or exponential functions. 
However, their models did not incorporate any of the three parameters -
(W), (T) and (p). In order to quantify the model represented by 
equation (IV.9), several plots were made to study the functional 
relationship between the three groupings - (~ ), ( G~P ), ( ~)..., of · 
the six parameters. Figure 14 shows the data (from 1915-1968) 11 
pertaining to the two groupings - (G:P)1958 and (~); the (GNP) is 
normali~ed with respect to the number of w9rkevs employed (W), and 
11 To ascertain the validity of Figure 14 over a longer span of time, 
the data point for the year 1900 is also included. 
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U.S. total energy consumption is. normalized with respect to total 
population. Figure 15 shows the plot between (~) and (~)· A 
;.. 
composite log-log-log plot of all three groupin~s representing the 
proposed techno-economic model is shown in Figure 16 •. 
Variations of the Model 
Six versions of the proposed techno-economic model given by 
equation (IV.9), are considered by varying three parameters namely -
gross national product (GNP), level and spread of technology (T) and 
price ind~x (p). When an attempt is ma.de to quantify these parameters 
exactly (as in the case with E, P, and W), several methodological 
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difficulties are faced. Particularly in case of the parameter (T), no 
exact method for :lts quantification is available. However, it is 
observed that (t) may be closely approximated with the Industrial 
Production Index published by the Fed~ral Reserve Board. Also, three 
variations for the prj.ce parameter (p) are considered. In view of the 
foregoing remarks, the following set of six versions of the proposed 
model is further analyzed by plotting the parameter (E) against 
12 
relevant groupings of the other five parameters. 
Model Version .!_ 
E • k • [GNf]l958 $ • [WP] 
[·F. R. B. Industrilil Production Index 
" Wholesale Price Index 
for all Comma.di ties 
1958 
1958 
(IV .10) 
12';l'he six equations (IV.10) to ,(W.115-)~.;are .no:t,.dimensionalJ,.y qomo-
geneous; however, the dimensional homogeneity o;f the equation (IV.9) iS! 
shown in Appendix.V. For correlation purposes, this criterion is not 
considered significant. 
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where, k is a proportionality constant. By denoting the last term 
with appropr;ate symbols: 
E • k • {GNP J • [E.J · [.,..L_. J 1958 $ w p 
a•c 1958 
(IV .10) 
Model Version 2 
E :::; k • [GNP] • [!J • [....1-...J current $ W p 
a•c 1958 
(IV .11) 
Model Versic:m l 
[ (r) ~ A.vel;'age Whole Sale Price 
of Fuel, per m~llion BTU 1958 
[PJ [T l •k•Y ·-·-[ N]aurrent $ W pf 
1958 
(IV .12) 
where [YN] represents the U.S. national income. 
Model Version i 
E = k • [GNP] • [!:J • [,!....J current $ W pf 
1958 
(IV .13) 
MQdel Version 1 
E = li; • [YP]l958 •ml,[~.] 
f 1958 
(IV .14) 
where [YP] represents the total personal income. 
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Model Version .§.. 
E = k • [GNP J 19 5 8 • [ ~] • 
- Average relative fuel [ T ] price per million BTUY 1958 
= k • [GNP] • [!.:'_] • [.!_. ] 
. 1958 w p 
. r 1958 
(IV.:1.-5) 
Figures 17 to 22 show the above si~ versions of the model repre-
sented by equations (!V.10 to (IV.15), respectively. The data for those 
figures are for tpe period 1915-1969. 
Sources of Data 
-.-
The data for the six parameters used in the proposed model 
(equation IV.9) are taken from various publications. The historical, 
time-series data on total energy consumption (E) was taken from the 
Minerals Yearbook, Vo!. II (Fuels), published by the u.s. Bureau of 
Mines. The data on gross national product and national income (current 
and constant dollars) were taken from the 'Economic Report of the 
President' transmitted to the u.s, Congress and the annual reports of 
the Council of Economic advisors. Data pertaining to labor force, 
population, industrial production index and wholesale price index were 
taken from the 'Historical Statistics of the United States' and 'Long 
Term Economic Growth,' (u.s. Department of Commerce; Bureau of the 
Census). 
Data concerning the future projections of tqe five e~ogenous 
(independent) parameters - (GNP), (P), (W), (•) and (p) - were taken 
from several sources. The projections of GNP for the years 1980 and 
2000 were obtained from the study, "Resources in America's Future" by 
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, ;.; :~· 
Land~'Berg, Fischman and Fisher, (published by the Resources for the 
Future, Inc.). The study by. Cooper and Johnston of the Bureau .of Labor 
Statistics was heavily relied upon for data on (W) and (P). Pro-
jections concerning <~) were based on the publications of the Federal 
Reserve Board; the future trends of (p) were taken from the estimates 
by the Pepartment of Commerce for the wholesale price index. The 
calculations for the data on average fuel price per.million BTV were 
based on various publications such as by Adelman < 97 ) , Sporn (61), 
American Gas Association ( 98 ) and Pl~tt 's Oilgram ( 99 ) • 
Derivation of a Prediction Equation 
To make the task of forecasting u.s, total energy requirements 
relatively more .c:,onvenient, a prediction equation is derived from 
equation (IV.9) describing the proposed techno-economic model. 
(IV.9) · 
In order to derive a prediction equation, it was decided to permute 
grouping with a combination of the other two 13 A system £actor one . 
f ;ts defined as the product of [ (~) . (f )], and a plot is made s 
between the system factor f and the grouping (~). By fitting a s 
least square line through the data for the period 191~-1970, the 
following equation is obtained: 
13 ' Although several po$Sible llermutations were tried, the one 
described above gave the best fit of date:, and its index of multi-
collinearity was least; of all the other groupings, 
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(IV .16) 
Substituting for the factor (f ), the above equation becomes: 
s ' 
[El [(GNP) ( )l O. 3283 4 p ;:: 1. 369 w ' . ' ; 1 x 10 (IV .17) 
The above equation is found to be dimensionally consistent; the 
units on both sides reduce to BTU; it is plotted in Figure 23. 
Comparison of Proposed Methodology 
With Others Published 
a) The proposed methodology considers the U.S. energy economy 
system in terms of six select, aggregate parameters from an engineering 
(system) analysis point of view, This enables stµdy of the composite 
effect of the five parameters ~ gross national product, population, 
labor force, level and spread of technology and price of energy p on 
U.S. total energy requirements. In contrast, the methodologies of most 
of the published forecas~s are based on correlations of U,S. total energy 
requirements with one (or at most two) of the five variabLl:!s :st•ated 
above. In this respect, they tend to be piece-meal and not integrated 
in their approach. 
b) Most published forecasts are derived by either statistically 
correlating and fitting of regression equations to historical, time-
aerie!ii data or by relying heavily on the so-cE!-lled building-block 
approach. The proposed methodology emphasizes, instead, the interrela~ 
tionships among the six select parameters. 
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c)' The proposed methodology is based on Ci\n analysis ·of the 
h~storical, time.,..series data for the aggregate paraJneters ·(for the 
period 1915-1969). Although most other forecasts also. utilize his tori-
\ cal, time-series data, none .is believed to be based O'll such a long span 
of time. 
d)· The proposed methodology incorporates, expli~itly and 
numerically, the effects of changes in technology and price as relevant 
parameters over the forecast period (1970-2025). This is considered to 
be a t.mique characteristic of the proposed model. 
<;:HAFTER V 
RESULTS 
On the basis! of the met;hodology developed in .the p:i;eceqing chapter, 
four.simul,ations of the proposed techno-economic model .fpr the U.S. 
energy economy system are reported in Table III. These. determine the 
U.S. t(')tal energy requirements for the years ;I.980, 1990, 2000 and 2025, 
and the forecasts for each of the five .exogenous parameters used in 
model simulatiop.s. In computing the .results, .the basic .set of ass\.llllp-
tions stated in Chapter IV is ,utilized; however, several specific 
assumptions made for each pf the four simul(ilted models are given below: 
Simulated Model for the Year 1980 
'·. ....__ ~~ .....,..,__ 
The value of gross national product (GNP) i$ forecast assuming 5.0 
perc<ant per yea'!;' growth rate for the period 1965.,.1980, (S). The rate of 
growth of populati.ol) (P) is ass.urned to decrease by 1 percent of its 
value in the preceding year. The va~\Je for labor force employed (W) is 
taken as a compromise between the estimates of the labor participation 
rates by the Bureau of Labor Statistics (92), Texas Easter:n (8), an~ 
/It 
the Resources for the Future (RFF), (10). It is also ass~d that the 
U.S. industrial production index (•) will continue to increase at an 
average of 3.7 percent per yeai;- during 1970-1980; this value closely 
approximates the .estimates by Texas Eastern Study. (8) and· the RFF (10). 
Furthermore, the price of energy per million BTU (p) is auumed 
l 
2 
3 
4 
5 
6 
7 
8 
TABLE III 
FORECAST OF MODEL,SIMULATION FOR 
· l980, '. 1990, ,70.00 AND 2025 
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FORECAST VALU:ES .. FOR THE-YEAR 
PARAMF;TER SYMBOL 1980 1990 2000 2025 
u.s. Total Energy Re-
quirements, quadril- (E) 91.l 122.8 169.2 300.3 
is lion (10 ) BTU 
U.S. Gross National 
Product, billion of (GNP) 1,280 1,996 3,115 7,455 
1958-$ 
U.S. Total Population, (P) 245 287 322 422 million 
U,S. Labor Fore~ em-
ployed, million of (W) 100 119 134 173 
workers 
Federal Res~rve Board 
Index of Industrial (•) 246.8 341 564 1,456 
Production 
Price of Energy per (p) 132.8 155 185.8 348.3 
million BTU; 1958-$ 
Normalh:ed Gross (~J National Product, 12.8 16. 78 23.22 43.1 thousand of conl!ltant w. " 
1958 ... $ .~ ,; 
U.S. Per Cap;J.ta (~) . Energy Requirements, 379.6 427.9 5Q8,9 711.5 
million BTU 
'' 
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to increase at an average rate of 2.5 percent per year during the 
period .1970-.1980. This assumption .:i,s based on the estimates of the 
'Economi~t,' (100). 
Simulated Model i2!., the ~ 1990 
The gross national product is forecast to have 4,85 percent yearly 
growth rate for the period 1980-19.90, The assumption with respect to 
population is the same as for the previous simulated model tor the year 
1980. The rates of increase for the industr~al production index (~) 
and price of energy (p) are taken as 3.7 and 2.0 percent per year, 
respectively, during the forecast period 1980-1990. 
Simulated Model for the Year 2000 
--~~
The gross national product is forecast to have 4.5 percent per year 
growth rate for the periQd 1990-2000. · The assumptions with respect to 
the population parameter (P) and labor force employed (W) are the 
same as in the simulate.d model for the year 1980. The rates of increase 
for the industrial production index (•) and price of energy (p), 
during 1990-2000, are assumed tc::> be 4.7 and 2.5 percent per year, 
respectively. 
Simulated. Model for the Year 2025 
~-·.,..._....._-
In view of the momentum that the U.S. economy would h$ve gained by 
the year 2000, it~ gross natio~al product is forecast to have 3.5 per-
cent per year growth :r:ate during the period 2000-2025. The estimates 
for population, labor force employed, industrial production index.and 
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price of energy are made by extrapolating their respective trends; (T) 
and (p) are assu~d to increase at 3.75 and 2.5 percent per year. 
Energy - GNP Coefficients 
Table IV shows the results of the coefficient of energy per unit 
of GNP produced and per capita energy consumption with respect to output 
per worker, in the U.S. econot11y, during the forecast period 19 70-2025. 
These results are based on the rates of yearly change in total energy 
cons\llllption, per capit;;i energy consumption and output per worker, 
calculated for the ten-year intervals during the period 1915-2025. 
Discussion of Results 
The U.S. is endowed with huge resources of land, labor, capital 
and energy; however, no concerted effort has yet been made to formulate 
a long-term resources policy. In view of the U.S. economy being highly 
energy~intensive, serious ql.lestions of adequacy of energy resources, in 
particular, are being raised. All such questions, however, are centered 
around various aspects of energy forecasting in general and technologi-
cal energy forecasting in particular, 
Neither the concept nor the practice of energy forecasting is new; 
what is new, however, is the extent to which the need for reliable 
energy fo"recasts ;i.s being currently felt in the U.S. At least two 
exhaustive studies ( 8 , 10 ) have already been published and at least 
half a dozen less-exhaustive studies are reported in progress. However, 
with the exception of very few, all such studiefil are restricted to 
forecasts up to the years 1980 and/or 2000. Short-term energy 
forecasts - which may be simple extrapolations in which factors such as 
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TABLE IV 
FORECAST RESULTS FOR THE U.S •. ENERGY-ECONOMY SYSTEM 
U.S. GROSS NATIONAL PRODUCT u.s. ENERGY REQUIREMENTS 
(GNP) 
-
Per Capita 
' 
Normalized Energy Re-
i (GNP) Total quirem~nts ! GNP Total (GNP), w ~nergy (E), E 
YEAR/YEAR 
1958 $ x 109 
,. 'i_ 
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Quadrillion (p), Mil-
INT&tVAL, 1958 $ x (1015) BTU lion BTU 
1915 137.4 3.45 18.1 180 
1925 203. 6 4.50 22.1 191.l 
1935 169.5 3.22 21.4 168.1 
1945 355.2 5.44 30.2 215,8 
1955 438 6.36 40.l 242 
1965 617,8 8. 71 53.8 276.3 
1980 1,280 12.80 91.l 379.6 
1990 1,996 16.78 122,8 427.9 
2000 3,115 23.22 169.2 508.9 
2025 7,455 43.08 300.3 711.5 
GROWTH RA TE, PERCENT PER YEAR 
1915 - 1925 3.95 2.65 2.0 0.55 
1925 - 1935 -1. 83 -3.30 -0.3 -1.37 
1935 - 1945 7. 71 5.35 3.45 2.51 
1945 - 1955 2.15 1. 75 2.80 1.05 
1955 - 1965 3.52 3.18 2.96 1.31 
1965 - 1980 4. 95 . 2.55 3.50 2.11 
1980 - 1990 4.85 2.70 3.0 1.15 . 
1990 - 2000 4.5 3.25 3.2 1.71 
2000 - 2025 3.5 2.45 2.25 1.30 
ENERGY-GNP COEFFICIENTS [_.!._] x 105 [ E/P ] x 105 GNP · GNP/W 
1915 1.0 1.0 1.32 0.52 
1925 1.0 1.0 1.09 0.42 
1935 1.0 1.0 1.26 0,52 
1945 1.0 1.0 0.85 0,38 
1955 1.0 1.0 0.89 0.38 
1965 1.0 1.0 o. 89 0.32 
1980 1.0 1.0 0.73 o. 30 
1990 . ,, 1.0 1.0 0.62 0.25 
2000 1.0 1.0 0.54 0.22 
2025 1.0 1.0 0.40 0.17 
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population, c.hanges in technology and prices are ignored - are generally 
made to assess inarket and supply cond:l.tions as in the case of coal and 
petroleum ( 22). More detailed medi~-term forecasts are generally made 
to asce:i;-tain capital equipment investmen,t to meet the expected demands. 
Finally, long ... term energy fo"X"ecasts provide a basis for e~amining 
possible alternative courses of economic.,development and help foresee 
energy problems. Such alternatives may result in policies affecting 
patterns of future .energy supply and demand, transportation .patterns, 
storage requirements, defense policies, etc,, not to mention the 
modifications which may become .feasible .in tariffs and comm~rical policy. 
In addition, u.s, tota.i energy forecasts .of the type presented in this. 
study may p:r0ve useful in the formulation of the following aspects of 
energy ... policy: 
a) to.determine total ene:rgy.requirements.to achieve a target. 
level of national output and to evaluate alternative plans of . 
a.ilocating national priorities fo~ capital expenditutes. 
b) to formulate (public) energy policies commensurate with · 
divergent constraint$ of environmental quality and increased 
ener~y demand. 
c) ~o. determine pattern.s of inter-fuel sub.stitution, sou);'ces 
of supply and to ascertain pptimum rates of explOitation of 
domestic ene:i:;gy resources,. 
The core of this stl\dY is. the methodology on the bash of which 
the· proposed techno ... economic moclel for the U.S. energy economy system 
has been developed. The model is simulated.to fo~ecast the U.S. total 
energy.requirements for the years 1980, 1990, 2000 and 2025. These 
forecasts are based on an integ;rated; engineering (system)' analysi51 
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approach utilizing six aggregate techno-economic parameters - GNP, 
population, employed labor force, changes in level and spread of tech-
nolc;>gy and price of energy. Within the limits of available data and·thE! 
assumptions made, t;he forecasts have been made as diligently as possib.le; 
however, this aut.hor is under no illusion that time will not prove him 
Wl;"ong, or at;: least off the mark. 
The results obtained by simulating the proposed techno-economic 
model for the years 1980, 1990, 2000 and 2025 are summarized in TablE!s 
III and IV. Th.e results reported therein favorably compare with the 
average values of the other forecasts published and reported in Tables 
I and II. For instance, the average value of the sixteen forecasts 
reported in Table I for the yea,r 1980 is 84. 2 x 1015 BTU, as compared 
to thE! result of 91.1 x 1015 BTU of this study. Likewise, the average 
value of the eight forecasts reported in Table I for the year 2000 is 
15 15 143.5 x 10 BTU as compared to the result of 169.2 x 10 BTU of this 
study. For the year 2025, the only available forecast gives a value of 
15 252.2 x 10 BTU by Felix (55). The forecast of this study is for 
15 300.3 x 10 BTU, about 19 percent higher. This difference is due to 
the fact that Felix had not considered changes in technology and price 
of energy which, on a long-term basis, become increasingly significant. 
The results forecast for the period 1970-2025 show a continuous 
(c~) and decrease in the trends of the energy..., GNP coefficients, [(i) / (G~P)], e:iccept during the thirties and post-war years. These 
coefficients .indicate gradual improvement in . the utilization Qf . energy 
per unit of output for the overall U.S. ·economy. In .othet: wor<ls, the 
technical efficiency of the U.S. energy-,economy system is forecast .to 
gradually in:crease, as shown in Figure 24 and 25. 
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Although the results of this study compare favo~ably with three of 
the forecasts (9), (53), (60) reported in Table l, it should be noted that· 
the aS61umptions of this study are not. entirely comparable to t6ose made 
by the above three authors. Each. forecast is based on a set ·of assump-
tions which is neither explic;ttly .stated nor does it correspond with tqe 
other two sets of forecasts. M>rrison and Readl;l.ng, for instance, have. 
considered a range of growth. rates, for the U .s .. real GNP, .from 2.5 t~ 
5. 5 percent per yeat:. Their forecast GNP values, for the years. 1980 and 
2000, are 1,122 and 2,460 billion (1958-$), respectively; _th~se corre-
spond to 4 percent per year growth rates during 1965-1980 and 1980-2000. 
But they did not incorporate the anticipated increase in the price of 
energy, in view of rising capital, construction and social (pollution) 
costs associated with utili;tation of energy. 
Figure 23 shows a positive functional 
and the grouping [GNP • .!· ] for the 
w pf 1958-$ 
[PE.J relationship between 
period 1915-2025, except·the 
anomalies corresponding to the periods of the depression and 1920-1925. 
The anomaly with respect to the depressio"Q. period is s~lf-evident; how-
ever, the regression of the data point for 1925 may be viewed primarily 
in teri;ns of the (relatively) lower technical conversion efficiency of 
plants and equipment at that time. Subsequently, several, technological 
developments were witnessed: dieselbation of trains, improved heat-
rate of power generations, utili~ation of large prime movers in industry, 
etc. This ·is indicated by the elevated position of the data point for 
1930 with respect to th~t of 1925, Similar changes ·in the patterns of 
energy conversion efficiency of plants and equipment may again be evi-
denced when the Breeder Reactor and/or non-polluting automobiles are 
introduced in the U.S. energy economy system. 
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In order to ascertain the stability of the proposed model, a 
sensitivity study was undertaken by varying the exogenous parameters 
within low, medium and high limits. For instance, three forecast values 
were computed by assuming the U.S •. real GNP growth rate as 4, 4.5 and 
5.0 percent per year, and the F.R,B. index of industrial production was 
assumed to vary from a low of 203 to a high of 305 for the year 1980. 
In all such cases, the U.S.; total energy requirements forecast values. 
ranged within ±11 percent. 
In the final analysis, it should be appreciated that, from the very 
outset of this study, its primary objective has been to develop a 
methodology applicable to the U.S. energy economy system over the time 
span 1915-2025. The criterion of accuracy of results, though considered 
important for the study, is to be viewed in a relative setting only; the 
quality of results obtained are devendent upon the quality of the data 
used in the model itself. Since no effort was made to individually 
forecast the five exogenous techno-economic parameters (gross national 
product, population, labor force employed, level and spread of techno-
logy and price of energy), the quality of the forecast results is, 
therefore, limited by the quality of the data used in the model. 
CHAPTER VI 
EPILOGUE 
Conclusions 
a) The development of a numerical techno-economic model for 
forecasting the U. s. total energy requirements for 1980 ;: 1990, 2000 
and 2025 is feasible. The methodology is based on an engineering 
(system) analysis of historical, time-series data, f<;>r si;x: techno ... eco.nomic · 
aggregate parameters namely, gross national product, population, labor 
for~e employed, level and spread of technology, price of energy and 
total energy reqtJ:Lrements. The model affords generality ,in itlil applica-
tion to ei thez; a develop.ed country like the U • S. or a smaller region 
such as the State of O~laholl!a or a developing country. 
b) The proposed forecasting model is tested using the al'ptopriate 
data for the six techno-economic parametets during th.e period 1915-1970, 
Us:J:.ng the pre#ction equati~n to simulate the model, the u.~. total 
energy requirements are fotecast to be 91.1, 122. 8, 16~. 2 and 300. 3 
15 quadrillion (10 ) BTU for tbe years 1980, 1990, 2000 and.2025, 
respectively. 
c) The average vll,les fol;' the published forecasts (reported in · 
Tal:>le I) for the years 1980, 2000 an(! 2025 are 84.2, 143.5 and 252,2 
15 quadJ;"illion · (10 ) BTU, respectively; The increasing respective 
differences between these average values and the values forecast by 
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this study show tqe significance of incorporating the parameters of 
level and spread of technology and price of energy. 
d) The U. S; per capita energy consumption is forecast. to be 
379.6, 427.9, 508.9 and 711.5 million BTU for the years 1980, 1990, 
2000 and 2025 respectively. By extrapolation, it is possible to 
forecast that per capita energy consumpt:ion may reach a billion (l;09·f / 
BTU by the year 2052, This fore.cast correspoq.ds to 3. 25 percent per 
year growth rate for real GNP (during 2025-2052), 40 percent labor 
participation rate and population of ,525 million. 
e) The results in Table IV show that the Energy•GNP coefficients 
(t'epresenting the contribution of energy to U.S. economy), will continue 
. . 
to decline gradually dl.lring 1970-2025. In other words, the technical 
efficiency of the U.S. economy is forecast to increase gradually, 
~co~enda tions 
a) Of the s;i.x techno ... economic aggregate parameters used in the 
development of the proposed model, it was found most difficult to 
quantify the parameter of the level and spread of technology (~). 
A,lthough it is generally agreed that this parameter is a func'l;:i,on of 
the availability of capital per worker in a given economy, it is 
recommended to study in detail several aspects of the relationship of 
this exogenous parameter with the others. Such a study at the inter-
face of economics and engineering would be most helpful in further 
ap.alyz;lng the beP,avioJ;" of the model. 
b) This study is based on the assumption that the U.S. energy 
economy.system is of a logarithmic; linear form. Although this 
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assumption is well documented by .several published:fore~asts., it .iS ·· 
reeommended that a foi-ecasUng model should. also be developed assUniing 
the ·Gompertz S-curve form. 
c) It is assumed that adequate energy resE;>urces at competit;ive. 
prices will be available to meet the growing U.S. energy de~d duri~ 
the forecast·per::l.od. This study has cons:l.dered neither·an evaluation 
of. the forms of energy nor .their sources .to meet the forecast: demand. 
There exists, .therefo:re, a ne_ed for modify:l;ng tll.e propose,d techno"'." 
economic model in respect of the various energy resourc~s - coal, oil, . 
gas, etc. Such a study will lead to a clQser examin.atio:n of .the 
technological and econ:otJd.c prospects for interfuel ~ubstitutio1l to 
assist in ·the, for111-ulation of a long-term (nati.onal) energy poli~y. 
d) In view of tP,e specter of e~austion of low~cost. energy 
. supplies on the oQ.e hand and the 1ntiD1at.e relationship between .energy· 
consumption and enviirc;mmental pollutiol). on the. ot,her ;-, there has. l>caen.. 
evidenced great enthusiasm to study. energy':""relat.ed issues in their 
respectiye institutional setting, It is also generally agreed tha'.t 
such issues .can be best studied i:i.t the interface of variqus \nter-: 
?;elated dbciplin,es. Since energy plays such a key role.in the progress 
of the developed and the developing coUQ.tries alike, .it ·;le ,recommended 
that the Energy .Resources Group efforts be broadened to an 'Interna.tion- · 
al Energy Institµte' .at Oklahoma ·state University with the collal:>ora,tion 
of some international . organization such as the Unit;ed Nations ·or the 
World Bank. 
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APPENDJ;CES 
APPENDIX A 
GLOSSARY 
BTU (British thermal unit) - The quantity of heat. required to raise the 
temperature of one pound of water, at its ma~imum density, through 
one degree Fahrenheit~ 
Coal - Includes anthracite, bituminous, Hgnite, coke and coal chemici:ils. 
Cqal Chemicals - 'l'he materials recovered from the gases ~q vapqrs which . 
result from the high-temperature carbonization of coal; essentially 
coke breeze, coke oven gas, tar, ammonium sulphate, .ammonium liquor 
and light oils (8). 
Consumption - This refers to an.amount of energy re$ources (9) actually 
utilized in the past. 
Degree-Day - A measure of the coldness of the weather experience, based 
on the extent to which the mean daily temperature falls bel.ow 65 
degrees Fahrenhei.t. 
Demand - 'l'his term may be used interchangeably with the term require~ 
ments; however, for the sa~e of consistency only the term 
'requirements' has been used throughout this study. 
Disposable PElorsonal Income ,.,..,,ih~;1'in .... ·' :tha t·;,'f.emains 1'#t'th~~~-Qf11£ter 
paying personal taxes and all other payments to the government. 
Forecast - This .refers to "an estimate of what future observations might 
be if the underlying process continues as it. has in the. past (93)." 
, ?1 
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The terms projection, prediction, anticipat:i,on, ass_essment, et:c. 
may -be used interchangeably bu,t their use has been avoided due to 
terminological difficulties. 
Fossil Fuels - l;nclucles coal, petrolet.nn, natural gas, ~xclud&ng· rttie1lea:r 1 • 
fuels. Fue·lis do not become energy sources until burned, 
Goods - As a sector of gross _national product, the dollar value of the 
materials produced (durable and non-durable) in the economy. 
Gr9ss National Product (GNP) - The total dollar valu~ of all final goods 
and services produced by the economy at current market prices, 
before deduction of capital consumption charges. In this study 
only 'real' or 'constant dollar' GNP, with respect to 1958, is used, 
Th.is is essentially a measure of physical output, and is obtained 
by dividing current dollar GNP by appropriate deflating indices. 
Industrial Produation Index (-r) - This index measures changes in the_ 
physical volume of output in manufacturing and mining. It reflects 
output changes at all stages within manufacturing, mining indus-
tries and public util:f,ties, including interµiediate as well as 
final products, The index does not include production o~ farms, 
in the construction industry, in tr~sportation or in vartous trade 
and service industries. It is published by the Federal Reserve 
Board, periodically. 
Kilowatt hour (Kwh) - A unit of energy equal to op,e thousand watts 
acting for one hour. It is equivalent to 3,412 aTU. 
Labor Force Employed (W) - This inclµdes the total labor force employed 
in.eluding the armed forces, as defined by the Pepartment of Labor, 
Bureau of Labor-Statistics in their series, "Employment anc;l 
Earnings of Monthly Report on the Lapor Force." 
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Model·.;. A representation of a system .under study.· 
Multiple Regl;'es.sion Analysis - This ·type -of analy&1is .attempts .. to· relate 
a series of. data to some itidependent val;'iables with tl:ie purpose of 
arriving at the ,best. mathematical equation .which can be used to . 
eJq>lain past activity or to forec4st futute activity. 
Personal· Income. - The sum of. wages anq salary disbursements, other labor 
income, proprietor~s ·income,. rental income of persons; dividends, 
personal. interest inc~m,e and tr~sf er pa~nts; lees persQnal 
cqntributions for social insurance• 
Petroleum - This refers to the :Whole range· of petroleull!- p:roducts. 
cons~d. in va~ious sectors of the economy. For instance; in case 
of pet:t"oleum usage in the t;:ransporta~ion .sector, it includes 
gasolin(!, LP Gas , aviation fuel, jet fuel, beavy fuel oil, diesel,. 
Pla~t Fa~tor - The ratio of th~ output.of an elec~ric;gene~ating plant 
to its rated capacity, over a given. p~riod of titne.: 
18 Q BTU .. Th:i.s equals .a thousand quadrillion BTU (10 ) • 
Quad.ril;Lian :STU - This eq~ls 1015 BTU. 
. . 
Requb:ements - lbis ,refers ·t;o an· amount .of enel;'gy .resou:ce. (5) fo'X'ecast 
to. meet fut1,1;re needs,. t•king itito view the anticipated changes. in· 
GNP, techllology, price, and shifts in·population and labor.farce. 
Services - As a ~ector of gross national product, the ·dollar value c;>f 
the ·output . of ·those al:'eas of the eco~omy .. in which the ·.final product 
is not a good; instead is·the performance.of a service such as 
medical services, . rental val,.ue of hous_ing, pen.onal ·care; r~creE;L-
tion ·fac:f.litie!!I; private education, res.earch, religious:and wel ... 
fa.re ac;tivit;:ies, etc;. 
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System - An ordered ar:r;angement of se:vera.1 physical or .abstract e;t.ements, 
interrelated to one another and functioning together. 
System Analysis - The study of the elements, relationships ·and. proce-
dures of a system to achieve a sp.ecific purpose. 
Techno~Economic·(model) - A (model) which lies at the ipterface of 
technology and economics an,d requires an· interdisciplinary approach 
for its analysis. 
Tota,! Energy Cons1,llllption (E) - This includes the total amount of .energy 
(in BTU) consumed by a~ economy.for a certain given level of econo~ 
mic.activity •. It includes the physical losses at·the point of 
utilization which may vary from 10 to 15 percent •. 
12 Trillion BTU - This equals 10 BTU. 
Wholesale Average Price of Fuel [pf) - This includes an average of ·the 
prices of. coal, oil and gas on a million BTU baees. 
APPENDIX:B 
PARTIAL ;LIST OF APPLICATIONS OF 'l'ECHNOLOGICAL 
FORECASl'ING 1 
AREA OF APPLICATION 
1. Automobiles, aviatio:n, energy, wars 
2. Inventions, patents 
3. Lengths of sbi}'S (1840 to 1960) 
4, Project HINDSIGHl', u.s.·Army: 
5. Average automotive h.p. vs. time 
6. Specific fuel consumption - Elec, Gen. 
(1900 - 2000) 
7. Speed trends of U.S. Combat Aircra:f;t 
(1930 - 2100) 
8. Total Passenger in domestic airlines 
(1930 - 2000) 
plants· 
9. · Automotiv.e Trends (h.p. and vehicles per 
capita 1900 - 2000) 
10, Cargo Aircraft development project 
11. Accelerator energy 1930 - 1960 
12. Compute.r mushrooming 1940 - 1980 
13. Efficiency ,0f ·external combustion energy 
conversion systems (;1.700-2000) 
14, Dollar value of G~ and R & D (1945-2000) 
15. Nwnber of Electric Road Vehicles (1953-83) 
16. C+ude oil supply stocks in the ,u. S. (1953-83) 
17. St'udy of speed trends of vehicles (1800-2350) 
18. 50% electriq automobiles on road 
19. Thermo ... nuclear fusion becomes· col!lpetit;ive 
with, hydro-electtic power 
20. First landing on moon and stay there Ci .montQ.. 
by man 
21. When will me.dium family income double? 
22. Air cushion vehicles (1960-1990) 
23. Solid state amplifiers 
24. Melting point of metals _(1960-1970) 
25, ICBM. Traj ec,toty 
26. Nuclear Weapons 
27, Project PATTERN; IMPAC'l', , etc •. 
28. Increase.in Knowledge, Project Mt.RAGE 
29. · The world . of 2000: Poli ti.cal horizons .. 
30. Coal demand 1945-1980 
FORECASTER YEAR 
-
H. G. Wells 1901 
s ,. c. Gilfi~lan 1935 
s. c. Gilfillan 1912 
R. s. Is ens on 1965 
R. c. Lenz, Jr. 1960 
R, c. Lep;z, Jr, 1960 
R. c. Lenz, Jr. 1962 
R. c. Lenz, Jr. 1960 
R. c. Lenz, Jr.· 1961 
R. c. Lenz, Jr. 1965 
R, u. Ayres 1966 
R, u. Ayres 1960 
R. u. Ayres 1965 
A; L• Floyd 1960 
A. L• _Floyd 1960 
u.s. Dept. Int. 1963 
p, G. Samaras 
Olaf Helmer. 1967 
Olaf llelmer 1967' 
Olaf Helmer 1967. 
Olaf Helmer 1967 
M. J. Cetron 1965 
M. J, Ce trot?- 1960 
M1 J, Ce trot?- 1961 
u.s. Army 1960 
u. s. Army 
Rand Corp. 1960 
u.s. Army 1965 
H. A. Linstone .. 1967 
31. Planning-programming-budgeting system (PPBS) R. s. Mc~ama;a 1960's 
, ') c: 
APPENDIX C 
EFFECTS OF TECHNOLOGICAL CHANGE, LABOR, 
C,AJ:>ITAL AND ENERGY INfUTS 
ON U,S. OUTPUT 
The subject area of tec~nological change, labor and capital inputs 
in .relation to the U.S. output has been extensively stucliec:;l by se:veral 
economist8 (101 ,102 ,103), In addition, Solow (104) h:as ·shown~the ,..r~la..,. 
tionship between. tec~nological change and an aggregate production 
function, thus: 
Q "" F(K,L;t) (C.l) 
where, Q. represent output and K and L represent .capit~l and labor 
inputs. in phyeical un;lts, respectively. The variable (t) denotes 
technological.change which is defined as "any kind of shift in the 
production funct;:l.on." Therefore, economic~slowdown, business. do~turns, 
speed-ups, improvements. in the education and skill of labor, etc. - all 
these are regarded as tecqnological change.. Solow hall! further defined 
the "ehif ts in the aggregate produc;:tio'Q. functio'l;l as neutral if they··. 
leave marginal rates of subst;l.tut;ion untouched but simply increase or 
decre4se ,the output; attainable from given inputs. In that. case, the 
above equation takes the form: 
Q • A(t)f (K,L) (C.2) 
, ..,~· 
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and, the· multipiica,tive factor A(t) measures the cumulative technolo-
gical change ove:i;- a period of time. By applying the above approach to 
the U.S. economy during 190~-1949, he has shown that the output-per ... 
~ ' . 
worker (~) evaluated per unit of. A(t), is a positively sloped 
straight.line when plott;ed against·the variable of capital-per-worker 
'(f). 
His main conclusions are the following. l'he over•all result. for 
the 40 year period in the U.S. economy shows an average upward technolo-
gical charige of about 1. 5 percent per year. Also, the la.bot' productivity 
(outp.ut per man-hour) approximately .doubled, With 87 .5 percent of the" 
incre$se attributable to technological change and the remaining 12;5 
percent to increased use of capital. Lastly, the technologica,l. change. 
during the study period (1909-1949) remained neutral on average. 
Effect of Energy Input on National. Output 
Sevet"al authors have endeavored to analyze the general U.S. 
economic productivity (105,106,107); of these, Dewhurst's work (105) is 
perhaps the most exteni;iive .one. He has estimated that during 1850-1950, 
the national income of the U.S .. increased (in 1950-$) from 9 •. 3 to 239 
billion dollars. Thie increase of 25 times was acc;omp11nied by a. slightly . 
more than 4 times· inciease in the to.ta! .labor input (from 26 to 113 
billion man~hours worked). As .a result, the average net product.per 
man-hour increased from 34 cents in 1850 to 111.92 in 1950. This 
spectacular increase is generally interpreted in terms of labor produc~ 
tivity or even a$ a measure of national productivity; however., it. 
measures neither of the two since the U.S. economy does ·not consist .of 
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labo;r alone as an input. 'l:he in.puts of fixed and circulating capital, 
have to be considered as well. 
Dewhurst has also calculate.cl that the total input of primary. 
energy to th~ U, S. economy increasied from 710 to 9201 million mega-
calories, about 13 times inci::ease dur;Lng 1850-.1950, In a broader 
context of energy, therefore, a concept of over-all economic productivi-
ty (ne) may be defined as the ratio of national income to primary 
energy consumption, Applying this concept to the U.S. economy during 
1850-1950: 
National Income(l950) 
National Income(l850) 
or, 
• (C. 3) 
Economic 
_P_r..,im_a_r..,.Y...... _E .... n_e,_r...,gy......,.r_e,...Q._u.,,.i_r_ed.-+( 1,....9,...5=-0:) • Pr oducr ti vi ty ( 19 50) 
Primary Energy reql.!.ired(l850) Economic 
· Product:f,.vit;y(l850) 
(ne in 1950) 
25 "" (l3) • (ne in 1850) (C.4) 
ne(l850-l950) ~ 1 •92 (C.5) 
The over-all economic Productivity of the U.S, economy increased 
92 percent during 1850-1950. This measure of productivity should not be 
confused with the efficiency of energy transformation into useful work 
whic,h, during the said period, increased from 8.2 percent to.13.8 per-
cent, i,e. abou,t 70 percent. 
From the foregoing remarks, it is concluded tha~ the great increase 
in both the U.S. national income and average net product.per man-hour 
was ·due to a~ enormous influx of energy from inorganic sources and, to a 
lesser extent, due to the .improvement in the efficiency of energy 
transformation, 
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APPENDIX D 
CO~UTER ANALYSIS OF THE TECHNO-ECONOMIC 
PARA.METERS USED. IN THE MODEL 
On the ba_sis of an extensive. literature survey, a se_t of seventeen 
techno-econo'!llic parameters reported tQ correlate with som~ measure pf· 
energy cons\llllption, was clg>sen. for further study. It was decided to use· 
the versatility of-the IBM 360 ce>mputer and the cal-comp plotter 11565, 
to study. the interrelations.hips of these param.eters. In the first phase 
of work, thirty eight computer pl<:>ts of various pai;-ameters amongst them-
selves w.r.t. time were made. These plots were primarily intended to 
study the ·variations of the techno-e.aonomic: parameters such as•: total 
energy consumption, gros1:1 nati.onal product (in current and constant. 
dollars), labot' participation l;'ate, _Federal Reserve Board's index of 
industdal prc:>duction, wholesale price index for all·commo~ities 
. . . . 
(1958-$), wholesale price index. for fuel and related produc~s · (1958-$), 
consumer price index. for all items, nationa:I. incQme and personal income,, 
both in current dollars. Se~era.l permutations of these nine parameter$· 
were also tried •. In ·each case polynomials of degree one.through five 
were fitted and the percentage minimum sql,18.red error and the polynomial 
coefficients.were.evaluated. From a study of these t;:l.me"".series plots,. a· 
set of six techno-economic parameters was ·selected for the development 
of the proposed model representing the .U.S •. energy economy. These six 
parameters aJ;e: . tota:J,. energy consumption, gross natiqnal product (1958-
i ~o 
$), population, labor force employed, industri4l production index and 
price of energy. 
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With appropriate modifications ·in the aforementioned computer 
program, the .above six techno-e.conomia ,parameters were: plotted to 
ascertain the validity of the basic ._model. equation (IV.9), desct'.;1.bed in 
Chapter IV, Figures 17 to 22• The main computer program and th~ 
sub-routines used in the study of interrelationships among the tecqno-
economic 1 parameters is given in the following pages. 
FORTRAN IV G LEYf:l 18 l'AIN DATE " 71088 20/00/33 
ooci 
0002 
0003 
0004 
0005 
0006 
(>0(17 
OCOB 
~CC9 
0010 
0011 
C012 
0013 
OCH 
OC15 
'JClf> 
0017 
0018 
1'019 
0020 
0<'21 
CC22 
0023 
0024 
OC'ZS 
002~ 
OC27 
ooze 
.00£9 
0030 
0031 
0032 
OOH 
0034 
0035 
0036 
Of>37 
OC38 
OC39 
004C 
0(\41. 
·0042 
004:! 
·OC44 
0045 
.C04t 
oe47 
0048 
CC49 
oos~~ 
0051 
CC'SZ 
0053 
0051t 
ooss 
OUIENSf.CN Cl50 I 
Dlt!UISICN R01"ACI lOOi • RCIWF I 1001 
IHKENS1CN IXliO I, tlTI 100 I, GNPC I 100 Io PCONI ICC I oGNP58( 1001 o 
Sl'CCN58 I 1001, YNI 100I,VF1100 I, TOUUOO Io COL H' I 1001 0 COLlll 100 I, 
t.CUl 1.21100 I ,RU 100 I, XI ICC I, YI 100 I 
l FCFl'iATI 315.I 
2 FCRl'ATl20111 
3 FORKATIFlCoOI 
777 FORKATl1Xol0El7.71 
aee FORl'AT(IX,'DEGREE OF THE PCLYNCMIAL••,13,•MINIMUM SQUARED ERROR•' 
SoE14,71 
REACIS,l H\YEARS,NGPAFh"'OATA 
READI !>o2 I I IX~ I h I •1,NGRAPHI 
DO 1000 l=l,NDATA 
DO l'JOO Jet,NYEARS 
GO 1ms1,5z,53,~4,55,5c,s1,ss,59,6c,6lo62,63,64,651,l 
51 COl!ITIMJf 
REAC15o310.flJI 
Gt ro 2oco 
52 CC:NT1NUE 
READl5o3 lGNPCI JI 
GO TO 20CO 
53 CC:NllNUE 
KEAC15o31PCDN(JI 
. GO T-0 2COO 
54 CCNTI NUE . 
Rf . .l[)f 5, 3) GNP581 JI 
GO TO 2000 
55 C:ClltTINUE 
READl5o31PCON561JI 
GC JU 2000 
56 CONTINUE . 
RE.l015o31YNIJI 
GC TO 2m::o 
51 £.Cr.TINUE • 
RE.l(;(S,31YP(J) 
GC TU 2CCO 
58 CONT1NUE 
REA[)( S, 3 ITOUi JI 
G[. TO 200".l 
59 CCNT INUE 
1<EAC:l5o 31CGL1CIJ I 
GC: TO 2000 
60 · CONTINUE ~ 
REAlil 5, 3 ICi'Oll l I J I 
·IR•J 
ROwACI IR I a.rtUI Ifd /COLI 11 IP I 
GC TC 2CCO 
e>l CC:NTH<UE 
RE.l0(5o31COll2(Ji 
JR"'J 
kC!.F (IR l•TOUI I R)/COL12 I IR I 
GC: · W 2001) 
62 CCNl INUf 
kEAOl!:to311<LIJI 
GO TO ZQCO 
63 CCNTINUE 
6lt CCNTINUE 
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0056 65 
0057 zoco 
oose 1000 
co sq 
C06G 
CC61 
0Clo2 n 
C.OE:3 
CC64 
C065 
OOH IZ 
C-067 
0068 
CC69 
007C l3 
C-\i7l 
Ct72 
0073 
0074 14 
0075 
0076 
0077 
C018 15 
( 079 
0080 
OCS1 
Of,82 i6 
CC93 
c-c 6'9 
0085 
(IC86 17 
0067 
M88 
f'089 
()090 18 
C09l 
0092 
0093 
OC94 l"l 
0095 
-OC96 
CC<;7 
OC96 20 
0099 
OlOC 
01(11 
0102 2.1 
0103 
01-04 
0105 
011)6 22 
011J7 
01C8 
"1C9 
0110 23 
0111 
0112 
COhTINUE 
CONTINUE 
CC:lliTI~UE 
DO 300 K•l.NGRA!>H 
DO 200 Msl,l\iYEARS 
GO TO I 11, 12, 13, l 4 ,15 .1.6, 17, 18 tl 9 ,2-0, 2 l t22 t 231 24, 25-t 26, 27, 28, 29, 301 
$,K 
CONTINUE 
-x1MJ•DTIMI 
YUO•GNPCIMI 
GO TO 200 
CCflilINUE 
Xll'll-=DTIMI 
Yll"l•GNP58CMI 
GC T-0 2-00 
CO"TINUE 
XI MlsOTIM I 
YI I' J sRL IMI 
GO 10 200 
CCNTINUE 
XIMl•OH Ml 
YIM 1•-lo00/RLCM1 
GC -10 200 
cota1Nue 
XIMl=OTIMl 
Y HIJsROIOAt IM I 
GO TO 200 
CCffflNUE 
X 11'1 =DJ.I Ml 
YIMJsROllFIMI 
GO TO 200 
CCl'iTIHUE . 
Xtlll•GNPCUU 
YclP'l•RUMI 
G.O TO 20C 
(Ql\iTINUE 
XH'.lzGNP580U 
YIMl•RLIMI 
GO TO 200 
CCNTINUE 
)((l'il=GNPCHll 
Y IH l=l.00/RL IM I 
Gil TO 20C . 
CONTINUE_,,__ 
Xl!'l•GN-PSaifM-1 
YIM)&l oOC!/Rl.IMI 
GO TO ZOC 
- CONTINUE 
Xlfl I •GNPC I Mt 
YCMl•ROWACIM) 
GO TO 200 
CClNTlloiUE 
lt1Hl•GNP581M I 
YIMl•ROii.lCIMI 
GO TO 200 
• CONHNuE 
Xl,..l•GNP((MI. 
Yt M l•fi.OWF IM I 
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FOkT~AN IV G LCVEL 16 MAIN -04JE = 71C8B 
0113 
Oll't 
0115 
0116 
Oll 7 
!'118 
0119 
0120 
0121 
'}122 
0123 
•ll2'o 
OlZ5 
-OU6 
0127 
.'.1128 
012"9 
Oi3C 
0131 
Cl3Z 
0133 
0134 
Cl35 
0136 
Pl37 
0138 
0139. 
914C 
!:'1"1 
l'.'l'o2 
.C1"3 
01"" 
Ol't5 
Ol'o(> 
01"7 
Ol'ti! 
Cl't9 
GU TO 200 
2't tOJ<TINUE 
XUHaGNP58NU 
Y~"1zfl0WF(Mi 
GO ·rn 200 
zs c.cr.111,u.E 
XH\JsRLIMl 
YIPl=R'ClWAC.HO . 
GO TC ZOO 
26 CONllNU·E 
XI I' I =i<L 1141 
v.fMl·a·~owF1>11 
GO TO ZOC: 
27 CONTINUE 
XlMl•loOO/RLCMI 
Y 1 l'lsP1JlfACUH 
Ge. 10·2ec 
28 CO~HINUE 
Xlt'f=.1.00/RLIM I 
YtMl•ROWFIMl 
Gil JO 200 
29 C.CNHNUE 
3C <.CNTINUE 
20i'.' CONT tNUE 
CALL ll\'PLCTIX.,Y,!\iYEARS,9.0,9.01 
DO 'fl U•l15 
. CALL CURV.fJIX1Y1lllYEARS;I1,c,e1 
11.UMC•l l+l 
9'9 FORl-'ATt·lX. I •••••••••••••••••••••••••••••••••••••••••••• I 
illRHElb,<691 
akllc.ll:oEHI ll ;C 
liRITE16o7l7HCC 1 t. l"lol\.UMC I 
.WIHTHb,991 
11 CONTINUE 
30C' COM IlWE 
STiiP 
END 
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FOR TRAN IV G LEVEL lt< .XYPUJT DUE • 11088 20/0C/33 
0001 
oocz 
COC3 
0004 
0005 
OOOb 
0-0C'f 
0008 
0009 
0010 
0011 
Ml2 
0013 
-0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
P024 
002' 
0026 
0027 
OC2B 
0029 
003C 
0031 
0032 
0033 
OC34 
OC35 
OO:!fo 
-0037 
0038 
OC39 
CC4C 
0041 
0042 
004~ 
c----
c 
c 
-c-----
SUB·KOUTINE XYPLiJTI K1Y,NP1KLJ-NCH, YLINCHI 
·SUB PROGRAMME 'lEQUIREMEf.IT 
SUBl'OUUNE ORDER! PG.JNTSol'4tNOROERI 
01HENS1-0N Xlll rHll1NC:~l225l 
REAL*8 JPLOTI 12 I 1JHlNl.SI12I1lPOINT18I1 IAX lSIBl t IZAXISl12 I 1 18 
~EAL*B IFIRSTIBl1ILASTl8J 
c----
OATA 
1 .. 
2 .I 
CATA 
DATA 
CATA 
IPOl~T, !AXIS/SH• 18H * 18H 
oSH * ,SH * 18H· *rBHI 
• BH I 18H 
IS1ll'!INUS/8H 
I 18H I ,eH 
112•8H I 
l .. 
2* 
c-----
lZAX IS 1 IPl.CT /24•8H 
IF IRST1 llAST/8H• 
,SHI * ol!Hi 
lrBH * lrSH • 
I 
,BHI• 
* 18HI 
118H 
1 FCRMATllHl1SX1' x• 19X1''WIXI' ... x.12ABI 
2 FORM ATC ix, ElO. 31lXIE10.3I2Xo12A8l 
3 FCFl'ATUH+,23Xol2A8l 
4 FORM4 TC 24X11-2A8I 
c----
c---'--
c-----
XSIZE • XLINCH•6.0 
PLSJ ZE • YLINCH*lCoO 
If IP-LSIZE.GT.96.0l PLSIZE • 96o0 
lf"IPlSIZE.LT.e.01 PlSIZE • e.o 
"'sn.e • PLSI Z1:/8o0 
NYSIZf • NSIZE*B 
PLSl-ZE " NYS Ile - 1 
CALL CROERtx,lllP,NORI 
XM!fll " XJfliORUll 
Xll!AX a xtNORfNPU 
DX c XMAX - lCl1IN 
Yl'IJll, •.YIU 
Y-ilAX ".YUi 
00 20 l•l1NP 
JflYlllolT,YMINI YMIN • ¥111 
20 lflYllloGT,YMAX-1 YMAK •YI-II 
IFIYMINoNEoYMAXI GO TC 21 
·1FIYMJlioLT.o.ot Y'IAX • o.o 
lft-YMINof.O.OoOI Yll!.AX • loO 
l.flYMINoG"f ,O,Ol YMI II • OoO 
21 CY • · YMJdC - YM IN 
YMNMX s YMIN*YMAX 
c----
IFIYMNMXoLToOoO"I GO TC iO 
~vz • i · 
.lZCIF " l 
GO TO 12 
c-----
10 IlHO • - YMIN/OY•PLSJZE + lo5 
IZSb • l_ZEl'<C/8 
ll"OIF • IZERO - I ZB8•6 
1'1Yl " IZ88 + 1 
.lF£1ZDlfoNE.OI GD TO 12 
18HI • 
•t8H* 
* I 18H 
• 18H 
rBH 
1llH 
18HI 
I 18H • 
•I ,SH 
• 
• 
-t-8H 
1!1H 
11 
,SHI 
J ,!IH 
*I 
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FORTRAN IV 6 LEVEL le X'rPLOT 
OCitlt NY Z •. l Zti8 
001t5 IZOif " e 
c----
0041> 12 IZAXISINYZI • IAXIS(llmFI 
0047 IZOISlll • IAXISlll 
OC'4.S IZAXISINSUEI • IAXISI 81 
004'> lZA!tlSINVZl • lAXlSllZClf) 
0051; WRITElb1 l II IMIN!;S(JI 1Jsl 1NSllEI 
CC51 NllNE = l 
0052 
0053 
0054 
0055 
0('156 
0057 
0058 
c-----
DO ?C NO•l,NP 
1 " ll.l;RJlllCI 
IX• IXll~ - XHINl/DX•XSllE + 1.5 
32 lflIX - NLJNEI 30133134 
c----
34 WRlTEl61411IZAXISIJl,J•1,NSHEl 
NLiNE • NLINE + l 
GC TC 32 
c-----
33 NLINc • lllllNE + 1 
IV • tYll I - VMINl/OV•l'LSIZE + lo5 
IV• IYlll - YMJ~l/OY*PLSIZE + lo5 
U!!·E = IV/8 
IYOIF • IV - iYB8•.f:I 
NYl • I YBS + l 
HI IVDIFolliEol'l GO TO H 
NYl • rvsa 
IY·OIF s 11 
31 IFLLHNYll • IPCINU IYCIFI 
'IPLCTCl) " lAXISHI 
IPU.HINSIZEI • IAXlS18l 
DATE a 1l('8!j 
0059 
OObO 
001>1 
oc-i,2 
()0t:3 
0064 
·oco5 
006t: 
-0Co7 
('1068 
0069 
C0.70 
l'C71 
0072 
0073 
0:174 
OC'75 
CC76 
IFINYloEQ-oll i·PLGTUI • IflRSHIVDIFI 
IFCNYl.EQ .. NSHEI IPLCTINSIZEI • ILASTllYOI. 
1iRITEl612J XCU,Y( U,Hi>LOUJl,J•l1NSIZEI 
IFIYMNHXoGE.o.at GO lG 30 
0077 
. 0076 
CC79 
WRITE I 60 311 IlAXIStJl ,Jsl,NSl-ZU 
30 lPLU lt-.CYl I • Iii 
c----
liR I TE It: 93 H I Ml Nl.S~ JI ,J.sl ,NSIZE-1 
RET\JRN 
ENO 
20/0C/l3 PAGE 0002 
...... 
w 
°' 
FOFTRAN IV b ~EVEL 16 ORDER 
CIOul 
0002 
0003 
0004 
0005 
0006 
OCC7 
0008 
OCC<; 
0(')11'.' 
C~l-1 
0012 
OC13 
0014 
0(')15 
-OOH> 
001. 7 
OtlS 
SuBPOOT-1 NE ORDER IPOI "'TS. 1; ,NORDER I 
CIH£NSION POINT St U ,N.Cl<DER C 11 
Ol~ENS1CN Xl225) 
00 30 l•l r1" 
NOFOER I II • I 
30 XIII • PCINTSlll 
"Ml • N - l 
DO 20 J•l,NMl 
It'IN = J 
JPl • J + l 
00 10 l=JPlrN 
10 IFtXllJ,LEeXllMINll J~IN • I 
Xlll'.Hll • XIJl 
"'IHIN • NCROERllMINI 
1"CPOERIIHINI • ~CPOERCJI 
20 NORfrERIJI = NIHIN 
RETVJ::N 
EhD 
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FORTRAN IV G LEV~L 18 (URVFT LJATE a 71088 20/00/33 
-0001 
OOC2 
COC3 
0004 
C'0-05 
OC•lb 
OOC7 
0008 
0(09 
0010 
cou 
0:312 
0('13 
OC14 
0015 
OOlo 
COl7 
001.8 
0019 
0020 
OC·Zl 
0022 
0023 
0024 
0025 
0026 
(;027 
oczs 
0029 
0030 
SUBROUTINE CuRVFT(x,v,N,NOEGX,C,ESQRMNI 
c-----
c ++++++++++++++++++++++++++++•++++•+++•+++++++++++++++++++•••+•+••• 
c + suaROUHNE CIJIWFT - LEAST SQUARES METHOD + 
c + + 
C + CALLING RECUIRE'1ENTS 
c • • 
C + X ARR•Y OF VALUES Of INUEPENOENT VAR IA6LE + 
~ + 'I ARRAY .Of VAL'\JES OF DEPE"4DENT VARIABLE + 
C + N Dlll<ENSlON UF X GR Y t 
C t NflEGX !'AX ll'UI' CEGP.E:E CF PCl YN0'11Al IN X + 
C + C RES"ULTING COEFFICIENT VECTOf< FOR A FUNCTIONAL + 
C t RELAlJCr. OF THi: fOf<PI Y z SUMI Clll•lX••ll-111 + 
c .. ! • 
C + ESQRM!<l ll!lf\IMUM SQUARED ERROR FOUND + 
c .. + 
C + SUbPRuGRAP' RE,t.IREMENT t 
C + SI~~ TO SOLVE LINEAR SIMULTANEOUS EQUATIONS ISSPI + 
C + PVAL TO E11JILUATE A PCLYll;OMIAL AT THE POINT XISSPI t 
c • .. 
c +. + ··-··· + +-+ +. ++ + + .. ++. ++ +++++•••++ +++ ++ ++++-+++++++-++++++++ ++++ ++++ + 
c-----
77 ~(~~ATllHll 
~b FCR,..AT°llx,• X= •,FlS.1,• Vs •,F1s.1,• Y-CAL• •.F15.7,• Ol~F· •• 
iF15.7,• PCT-DIFF= ' 0 Fl5.71 
c----
c-----
9IMENSirN Xll 1-• YI l) ,C( U , XKPN~l 1211,AllZ11 
NXPl "' NOEGX • 1 
i\IXT~ " NCf:GX*2 
LENTHA = 1<.XPl*'iX·Pl 
00 10 IC•l,l\IXPl 
10 Cl 10 • C'oO 
CO 11 IA•l,Lfl\IT~A 
11 Al IAI "' O.O 
c-----
OU lCC 11.•l,l\I 
XKPl'iMllll • loO 
IFINXT2~Hle01 G<: TC 21, 
DO 20 IXsl,'llXTZ 
20 XKFl<.MlllX+ll z XKPl<.MlllXl•XtKI 
c-----
21 CG l~C lP•l,NXPl 
IARG = IP~-. NXPl 
DC 30 l•lJNXPl 
IARG • 1ARG t NX~l 
3C AllARGI • AIJA~GI t XKF~MlllP•l·-ll 
ire CllPI. CllP1. Ylt..l•xKrNHlllPI 
c-----
IF.C f'<XPl. GT .11 GC TC '-l 
till z Clll/AHI 
G-0 TO 42 
41 CAll SIMQIA,c.~xP1,01 
c-----
42 E SOl<Mlll = CoC 
· kRITEl~,771 
00 ltO K•l ,N 
CALL .PliALIYK,Ktl<l,Cof\XPll 
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00 
fOl<TRAW IV G LEV.f:L 18 CLRVFf 
OIFF•YAK 1-YK 
l'DtFF•DIFF•lC:O.CC!/Y(KI 
WRITEt6.661XUtl• YlKleYK.DIFF •l'OIFF 
DATE • nose 
0031 
0032 
0033 
C>C34 
CC35 
40 ESOlll!N • ESQRlllf ·• iYflO - Y'll•CYCKI ;--YU 
WRlfEt6.1JI • '\. 
. Ci:l36 
· cc:n 
.c---
REll.IRl\i 
END 
\ 
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Al'PENDIX.E 
APPLICATION Of DIMENSIONAL ANALYSIS 
TO THE PROPOSED MODEL 
The method of dimensional analysie has· beet;l ~n widespread use 
~stly by physicists ~nd engineets ·from ~he time of Newton. Since then, 
the works of Foq;rier, Clark-Maxwell, Buckingham, Bridgman and recently,-
. . 
that of Drobot and Langhaar have greatly enhanced its application to 
var:lous types of problems rang:lng from mechanics to heat transfer;, s~le 
modeling to diffraction of light and kinemati~s to -aet'.odynamics (108). 
Bridgman (109) has described the ·purpose. of dimenli!ional ana.lys:l;s ·thus: 
• • • to give certain information about the rel.ations whi¢h .hold 
between the measurable ~uantities ·associated with various 
pheno~ena ••• In dealing with any phenomena or group of 
phenomena our method is as follows: We first measure certain 
quantities which we have some reason to expect to be of 
importance in des~ribing the phenomenon. These quantities • 
which we measure are of different kinds and fot each of th~u;e, 
we have different rule of operation by which we measure it, 
that .;is, associate the quantity with a .numer ••• , Then we· 
search fpr relations l>etween these numbets, and if we are 
skillful and fortunate, we find relations which can be 
expressed in mat;hematical form. We a:re ueually :Lntereete4 
pre..:.eminentl:y in· one of the measured quantities .and try to .. 
find it in teJ:1DS of the others •. Under .suc;h ·conditions we 
would search for a re la ti9n of tqe form:'. · 
x1 ""'~ cx2 , x3 , x4, ••• x~> : .... 
where Xi standa for the numbers ·whi.ch are measuJ;"ea Qf 
particular kinds of phy•.ical quantity. 
Ec~nomists seldQmapply tlle concept of dimension. in an.~xplicit 
way. There ate, h,owever, sol!le exceptions: Jevons (llO ) tried to define 
140 
141 
economic dimens;lons as early as 1879; also, JJ:vans (111), Brems (112), 
Allais (113), Ryd~ .(114) and Boulding (115) have treated economic· 
concepts in terms of di,mensions. De Jong (116) is perhaJ>s·the first 
economist to r;i.gorously apply and.demonstrate the usefulness of dimen-. 
sional analysis in his book enti,tled, "Dimensional Analysis .for 
Economists" (116). By defining several primary economic dimens·ions, 
he derived dimensional groupings and verified several economic concepts 
such as r;ate of inflation, demand functi.on fo.r an .economic. good, supply 
of labor and the technological parameters in the production functions of 
Cobb and Douglass, and Arrow, Chenergy, Minhas and Solo~, et~, 
Before applying dimensional analysis to the proposed model 
deecribed by equation (IV.9), given below, it is proposed to derive a 
set of dimensions ·for the .sb: techno-eco.nomic parameters.;_ 
(IV.9) 
~ ~ ££. Proposed: Dimensions for the Model. 
De Jong formul,ated a set .of primary and secondary econ.omic 
dimensions and applied them to various macro-economic. theories such. as, 
Fisher's equation of exchange (MV =PT); Keynesian theory relating 
national income to consutnption and investment (Y = C + 1); CaEJsel' s · 
theory of aggregate production and· the micro-economic theory by Fareto 
which related production functions with ophelimity functions. !n·the 
pll\st, physicists and iangineers have contel'lded tP,emselves with four 
primary dimensions: maes, length, time and heat 0..08 ,117). The mfitter 
is not so simple with respect to economics because it is impos!!lible for .. 
economists to define just one set of primary economic dimens:l.ons :f;or use 
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in every conceivable case. For example, primary dimensions in micro-
economic analysis may differ from those. in macro-economic analysis if 
the latter involve$ quantities which are not aggregated micro-ecqnomic· 
quantities (118). The following discussion is ai_med at defining the 
dimensions for the. six parameters used· in the formu!atio:n of the 
proposed model. 
Dimension For Gross National Product (GNP) (l)_ 
The output of an economy is defined in terms of an equivalent stock 
of money (M), taken .as a dimension. This represents the dollar value 
of all goods and services produced per unit of time and evaluated at 
current prices. De Jong (119) has shown that the grou nation~l product 
has the dimension [M] {T]" 
Dimensions For Population (P) and l'otal Energy (E) (2,3) 
These are ta.ken as a nl,l.rnber and heat per unit time, respectively. 
Dimension For Labor 
Perhaps the simplest macro-economic model of an economy is 
represented by Fisher's equation of exchange MV •PT (described on 
(4) 
page 50); the variable T denotes "Trade Volume" or the flow of goods. 
This defini~ion is a rough approximation since it co~siders all kinds of 
goods lumped together and no distinction is made between labor, costtUlles, 
cars, rice, potatoes, etc. They are coni;;idered to be additive quantities 
and their sum total T, sold per unit of time, is denoted by a primary 
dimension [R]. However~ Keynes has distinguished between consumption 
goods; investment goods and labor. Therefore,. three secondary dimen-
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sions - [Re), [Ri] , [R1 ] - have been defined to denote consumption goods, 
investment goods and labor respectively. Keynes (118) further stated, 
The quantity of employment can be sufficiently defined for our 
purpose by taking an hour's employment of ordinary labor as 
our unit ••. :we shall· call the unit· in which the quantity of 
employment :Ls measured the labor-unit, and the money wage of a 
labor u:n.i t we shall call the wage-unit• Thus if W is . the 
wages. (and salaries) bill, w the wage-unit, and Nd the 
quantity of employment, W • wNd. 
This means .that a stock of labor could be defined as number of. 
man-hours and, the se·t of all man-:-hours may. be considered as the 
dimension [Rl] of labor employed. The w11ge level is then the price 
of labor and its dimension becomes [M • -1 Rl ] • If a given wage bill ia. 
required to represent a.flow of ·stock of money· [M)' then; 
(E,l) 
and, the quantity of employmen-i: should then be measu;-.ed, not in terms · 
of man-hours, but in man-hours per unit· of time (e, g. , ·per week or per 
year) so tha.t the dimension for labor as a quantity pf employment will · 
be [R1 l'-l]. It should be appreciated that the dimension [Rf], 
•,.'e" 
defined as man-hours per unit of time is not to be confused with 
ordinary calendar time for which a primary dimension of [',l'] has 
already been established. It is obvious that several secondary units 
of time could be used for the quantity of employment: man-hours per 
week, man-hours per year or man-hours. per month. This_ would not be 
true i~ man-:-hours and time belonged to the same dimension (119). 
Ackley (120) has also. considered this matter, 
If we deflate aggregate wages and salaries (W) by an index 
of wage and salary ratee · (w), we come out with a measure· 
of time worked - of input not income. 
In terms of dimensions, it can be written as: 
and therefore, 
-1 
= [R T · ] 1 
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(E.2) 
(E.3) 
(E.4) 
This is obviously not an income but a flow of.labor. Therefore, 
the dimension for labor taken as a quantity of employment will be 
-1 [R1 T ]. 
Dimension For Economic Productivity Reflecting Technological Change· (5) 
The technological change parameter in the production function of 
Cobb and Douglass (121) is given by the equation:. 
wnere, 
u ::I c 
a 
1-a K 
a 
u represents the rate of production 
N represents the employment 
K represents the stock of real capital in use 
a 
C represents technical knowlegge or the "state of arts," In 
a 
the short run, C may be considered a constant, but in 
a 
the long run, its value varies according to changes in 
tecqnology, organization, quality of capital goods, skill 
of labor, .etc. 
(E.5) 
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a represents a numerical constant. 
Arrow, Chenery, Minh.as and Solow (122) have extended the above· 
equation to separately ac.count for productivity of labor and capital. 
Th.eir linear homogeneous production function, with cqnstant elasticity 
of substitution (CES), is given.as: 
1 
u • (CaNNa + CaKK~)a (E.6) 
Where CaN and CaK represent technolog:i,cal parameters for labo.r · 
and capital productivities respectively, they a:i;e specified as lineal;' 
,and homogeneous functions: 
a-1 
u = {u • u} 
r. a.-1 
• [u 
= (~ aN 
, (au , N + au 
3N aK 
a 
a.-1 
u 
• --;l-1 • 
K 
a 
By comparison with equation (E.6): 
therefore, 
and, 
1 
ca. 
aN [ )a.-1] ! - ~~ . (* . 
au , (Kua)a.-1 caK • aK 
. a 
(E, 7) 
(E.8) 
(~.9) 
(E.10) 
(E.11) 
(E.12) 
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therefore, 
(E.13) 
This means that the technological parameter multiplying the a.th 
power .. of a factor of production represents the matginal physica.1 · 
productivity of that· factor of production multiplied by the (a""'.l)th 
power of its average physical produc ti vi ty •. 
The parameter CaN. may change as a result of, for instance, more 
investment in men yielding a better skill .of labor. Thus allowing for 
changes in the quality of labor, the. changes in the quantity of labor 
(in terms of say man~years) ca,n be measured. 'therefore, changes in. 
C aN and Cal< - the two. technological parameters - e,q>ress changes in 
technology in the bro~dest sense. In Solow'.s (104) words: 
It will be seen that I am using the ph'):'ase "technic.al change" 
as a short hand expression for !'lny kind of shift in the 
production function. Thus slowdowns, speedups, improvements 
in the education of the labor. force and all so,rts .of things 
will appear as technical change. It ·is convenient to begin 
with the ·special case of neutral technical change. Shifts in 
the production function are defined neutral if they .leave 
marginal rates of substitution .untouched but simply increase 
or decrease the output attainable from given. inputs. 
I~ view of the foregoing remarks, the dimension for tec,hnological 
change is calculated to be: 
Dimension For Price Per Unit.of Energy (6) 
This is by definition, taken as [MH-1 ), 
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The generalized version of the proposed techno-economic model is 
described earlier. by the equation (IV.10); 
(E.14) 
The substitution of tne respective dimensions for the six 
parameters in the above equation results in the following dimensional 
equation: 
[~( .. [¥t . [<a numb~r)lc 
(RR. • T 1 ) 
. (Rr·~)d . (_!,_.)e 
R ""T -1 R. MH 
(E.15) 
In the above equation a, b, c, d and e are numerical exponents. 
These can be determined by applying Buchingham's theorem. By equating 
the e~ponents of the dimensions [H], [T], [M], and [R] on both sides 
of the above equation, the following set of identitie.s result: 
[H]a = [ll]e (E.16) 
[T]-a =. [T]-b+c .... d (E.17) 
[M]o .,. [M]b-e (E.18) 
and, 
[R]o ... [R] ... e+2d-d (E.19) 
Solution of the above four equations (E.16) to (E.19) it is 
seen that: 
a • e • b 
c .. d (E.20) 
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By plotting various groupings of the ·six variables in the· model, 
the values for the exponents are .founQ.. to be: 
a"" e • b •.l 
and 
(E. 21)· 
Therefore,. the dimensional hol?logemity, of the proposed tecpno-
economic model is established. The justifica~ion to subject the· 
proposed model to Buckingham's.theorem is summarized in the .worde of 
Bridgman (109 ) thus : 
The· principle use of dimensions,! analysis is .to de4uce 
from study of the dimensions of the variables in any 
physical system certain necessary limitations.on the form of 
any possible relationsl:lip between those vai::iables. · The 
method is of great generality .and mathematical dmplic;Lty .•• ·• 
This method is not capable of .. determining the unknown function.,. 
al relationship. In the simplest cases it can.give everything 
except a nume.rical factor of propo+tionalitY • • • In mo.H 
complicated cases, where there are a large number. of variablee, 
it can show that the variables must enter the function in. 
certain definite combinations,. thus reducing the. number. of 
undetermined functional relations.· Perhaps ita most important 
use is in connection with problems so complic~ted that not 
only ma,y an exact solutioQ by purely mathematical methods .. be · 
impossible, but also it may be impossible even to give a. 
prec~se and detailed formulation of the fundamental equa.tions 
from which the solution ca~ be found. Many, problems of 
aeroplane or ship design are of thie nature. In these ca,ses, 
a knowledge of the necessary limitations on any poss_;ble 
functional makes ·it possible to cover completely the ·range 
of all possible experimental relationships with a muc:.h 
smaller number of experiments tban would. be necessary . 
otherw:l,se. 
APPENDIX F 
TECHNOLOGICAL AND ECONOMIC PROSPECTS FOR 
INTER-FUEL SUBSTITUTION TO THE 
YEARS 1980 AND 2000 
The purpose of this Appendix is to assess the relative shax-es 0-f 
various energy sources (fuels) to meet the U.S. total energy require.., 
ments forec!'lst for the years 1980 and 2000. The assumption of adequacy. 
of. energy supplies to mee.t the forecast demand to the year 2025 is also 
relaxed herein to ascertain its validity. 
The process of inter-fuel substitution is a special case of the 
overall process of. i;;ubstitution which. reflects the needs of society 
and also acts as an instrument of societal change. Although the agents 
for both types of substitution are quite similar, the technological and 
economic;: prospects play by.far a greater role in determining the patterns 
of inter-fuel substitution. From a policy-making standpoint, the. 
process of inter-fuel substitution determines, to a large extent, the 
energy..,mix.for a.given economy. 
Technological Prospects for Inter-Fuel 
Substitution 
Technological prospects for inter-fuel substitution result from 
either improvements to and/or replacements of existing tecqnology. This 
is generally evidenced as improvements in technical plant efficiency, 
1 /,Q 
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energy .conversion technol_ogy, favorable· circumstances· of inter-fuel 
substitution/competition and' in some cases; the substit.ution of. capital 
equipment for energy as a factor of production. For this latter case, 
there is a certain range over which the. capital-energy substitution can 
take place; their relative pri.ces determine_, at _least in part, the 
particular capital-energy combination use.d in a production ptocess. In 
the case of technological advancement; progress can occur both horizon-
tally and vertically. Horizontal changes character;Lze the spread of 
technical knowledge whereas vertical changes refer to the level at which . 
the technological knowledge is applied. In the case of U.S.; for 
example, Strout (53) has calculated that if the technology prevalent in · 
1939 had continued through 1954, the economy would have required an 
additional input of 9.3 x 1015 BTU or 24· percent·of the total energy 
demand in 1954. 
The process.es. of inter-fuel substitution, though subtle, have 
proceeded cont:i,nuously. Theoretically speaking, the extent to which a 
given fuel may be replaced by other fuels, or vice versa, depends, 
interalia, upon their relat;:ive technical {conversion) efficiencies and 
pr;i.ce-cost relationships. 
Some economists have estimated that about 35 to 40 percent of the. 
total U.S. current energy requirements could be met by any of a group 
of fossil fuels. While this may be technically true, it _coulQ. only be 
accomplished if tremendous capital investments were to be made in new· 
energy conversion plants •. The anticipated expense of converting the 
existing plants, in view of their reduced.efficiency, 1llay be.much more 
than the expenses of installing new plants. For example, crude petro-
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leum may be substituted for coal under a boiler, but then the so-calle.d 
technical (conversion) efficiency will be extremely limited. 
Then there is the additional factor of human convenience which can 
be of significant importance in inter-fuel substit,ution. This factor is 
in conformity with the overall objective of technology to develop new 
products and processes rendering increased convenience. The patterns of 
inter-fuel substitution which have occurred in the U.S. during the past 
century illustrate the significance of this factor. Because wood c<?uld 
not be produced and converted as efficiently and conveniently as coal, 
its displacement by coal was inevitable. Also, because of the unique 
physical and chemical properties of petroleum, its preference and 
eventual replacement of coal is easily understood. Since natural gas 
offers even greater convenience and versatility than petroleum, it may 
have been substituted except for shortages in natural gas supplies. 
Finally, electricity, the most convenient form of energy although in an 
inanimate form, appears to be headed for a majority share in the U.S. 
energy-mix. 
In ·view of the foregoing remarks, it is assumed that several new 
technological de~elopments will be evidenced during the period 1980-1990. 
Perhaps the most important of all will be the introduction of the 
Breeder Reactor (123) on the U.S. energy scene in the mid-eightie~. 
This is assumed to occur largely in response to the ever-increasing 
demand for electricity, in spite of the increasing pressure from envir-
14 
onmentalists. Also, it is assumed that by the end of th.e current 
14 Here a distinction is made between the roles of·an environmental-
ist and an ecologist; it is similar to that of a druggist and a doctor. 
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decade, the_ introduction of a. 'non-polluting automobile' will, find 
itself in a relatively more favorable politic~! and industrial cl:l.,mate. 
Such an automobile may be fueled by electricity, .steam or hydrogen (124 , 
125). All such cases, .however, are expected to lead to structural 
changes in the current patterns of energy consumption for the ,transpor~ 
tation sector of the economy. 
Economic Prospects for Inter-Fuel Substitution 
The economic factors affecting inter-fuel substitution are easy to 
discern but difficult to analyze. Traditional economics attempts.to 
explain major shifts in int.er-fuel substitution .in terms of relative 
price-cost ratios of the various fuels. However, historical data on 
changes in "real" prices of fuels, in many instances, do not justify 
such a generalization. In one instance, for example~ during 1947-1967, 
natural gas substantially increased its .share in th.e energy mix of the 
U.S. Contrary .to popular view, its index of relative price in constant 
dollars however, also increased (from.100 in 1947 to 211 in 1967). 
Therefore, relative price indices. or relative price-cost mecq.anisms can 
not be entirely relied upon for a complete analysis of inter-fuel 
substitqtion patterns (9). Instead several aciditional factors have to 
be we:l..ghed for a complete analysis. Some of these. factors are general 
eco.nomic ·fluctuations in an economy, cost-induced changes in the 
internattonal energy market, considerations of environmental quality, 
and changes in governmental regulatory policies. 
Temporary fluctuations in the economic climate of tl)..e U.S. energy 
intensive. economy can often have different effects on the. demand of 
different fuels. Demand for elec.tricity, diesel oil and gaso,line., for 
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example, can be directly correlated with the rate of industrial output. 
Someti111es, the· rate of increase in th.e overall efficiency of energy use 
(in other words, a decJ;:ease in energy-intensity), tends to accelerate 
during economic downturns. This is probably because output may, at such 
times, be concentrated in more efficieQ.t plants, and because obsolete 
plants may be scrapped, For a similar reason, some energy-intensive 
industries, like the iron and steel, fare badly in such times of econo-
mic slow-down. Furthermore, the output .of certain iI).dustries (iron, 
steel and construction) requires disproportionately heavy amounts of 
energy. Therefore, it seems necessary to consider the general economic. 
level of activity as a variant. of inter-: fuel substitution. Lastly, the. 
dealings of the international companies with major petroleum exporting 
countires of the world, have been recently evidenc;ed to have far-reaching 
consequences in the markets of the consuming countries, Should the cost 
of oil be increased befpre leaving an exporting country, changes in 
price/cost can be anticipated at all levels. With regard to the diffi-
cult question of allowing for purely market-induced or intrinsically 
cost-induced price changes for energy;s it is co~on practice to consider · 
all such changes in ·terms of the ratio. of t[).e pr:t.ce of fuel in question 
to that of a fuel whose price has not.changed. Such a ratio quantifies 
the inter-fuel substitution pattern. 
So much for the internationally-induced price changes. Here, 
within the U.S., there are two ad.ditional economic factors which can 
seriously affect patterns of fuel supply and hence of inter-fuel substi-
15 It .is obvious that a labor-intensive industry is less free to 
reduce its prices to stimulate demand that). one.which is more el,.astic 
in its cqst allocation and structure. 
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tut ion.. Firstly, thet"e is the question of governmental policies which 
may, in effect, restrict or nan,:-ow the range of incentives for explora-
tion. Secondly, there are the governmental price regulations. The 
increased tax burden of $700 million in 1970, and the 16-year long 
federal practic~ of regulating natural gas prices are some of the 
reasons .given for recent natural gas .shortages in the U.S. (126), In 
the same vein, if federal regulations were to be introduced in the areas 
of de-sulphurization and de-leading of fuels, prices of coal and gaso-
line are most li~ely.to further increase. 
Since the issues .discussed above cannot be precisely anticipated, 
no quantitative formulae can be advanced to forecast the economic 
prospects for inter-fuel substitution. However, if price data. relating 
to the th.ree main fossil fuels ar.e analyzed for the period 1950 to 1965, 
it can be seen that the price index for coal has _decreased and the price . 
indices for crude oil, natural gas and Bunker "C" fuel oil have 
increased. Their relative trends can be forecast·to continue.through 
the years 1980 and 2000; through the years 1980 and 2000; the resulti~g 
patterns of the energy mix are shown in Figure 26. 
Adequacy of Energy Supplies 
Throughout this study, it has. been assumed that adequate energy 
supplies will be available during the forecast period 1970-2025, In 
the following analysis, this assumption is further examined for its 
validity. 
Given the total energy consumption for the U.S. in a base year as 
Ei' and assuming a constant rate of increase (r) percent per year, 
over a period of (n) years, the cumulative energy .requirements (E ) 
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during the forecast period is calculated by the equation: 
(F-1) 
or, 
E. 
E c .. log ( 1 + r) • [ ( 1 + r) n - 1 ] 
e 
(F-2) 
The U.S. total energy consumption (E.) 
J. 
in 1970 is reported as 
68.810 quadrillion (1015) BTU (47); and the value forecast by this study 
for the year 2025 is 300.3 quadrillion BTU. During the fifty-five year 
forecast period, therefore, the rate of increase in energy requirements 
16 is calculated to be 2.65 percent per year. Substituting the appro-
priate values in equation (F-2) above, the cumulative energy require-
ments during the period 1970-2025 is calculated as: 
68.810 x 1015 55 ] 
Ec =log (1 + 0.0265) 0 [(l + O.OZ6S) - l 
e 
= 8,475 x 1015 BTU 
= 8.475 Q (lQ .. 1018) BTU (F-3) 
Table V shows an inventory of the ultimate potential reserves 
(R~) 17 of U,S. primary energy sources (excluding solar and nuclear 
16rf this rate was assumed as 3 percent per year, the value for 
E comes to 9.84 x 1018 BTU. 
c 
17 This estimate implies the exploitation of energy resources with 
those technological. advancements which may be evidenced in the future. 
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TABLE V 
; ' ' : ' 111' 'j . : ~LI ''. ' ' ' ) \.i 1-"' 
ESTIMATE OF ULTIMATE POTENTIAL RESERVES 
(R00) OF U.S. PRIMARY ENERGY SOURCES, 
EXC4UDING SOLAR18 AND NUC4EAR19 
ESTIMATE (Rao) 
BIBLIO-
x 1018 , GRAP HY 
ENERGY SOURCE REFERENCE Conunon Uni ts BTU 
1 Petroleum 127 250 9 x 10 barrels 1.45 
2 Natural gas plus liquids 128 1500 x 1012 ft. 3 1.90 
3 Coal 129 1500 9 x 10 metric tons 34.40 
4 Oil shales 130 3.81 
5 Hydro-power 131 161 x 103 Mw 0.01 
6 Tidal power 132 <0.01. 
7 'Geothermal 133 <0.01 
TOTAL 41. 58 Q 
18 The estilnates for Solar energy reported so far are too qualitative 
to permit a fairly reasonable quantification. 
19weinberg and Hanunond (134) have eloquently discussed the nuclear 
energy prospects. 
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18 
sources) as 41.58 Q (10 ) BTU. The forecast for U.S. cumulative 
energy requirements by equation (F-3), during 1970-2025, is seen to be 
about 20 percent of the value of (~), given in Table V. Therefore, 
adequate energy supplies are ensured during the forecast period. 
Equation (F-2) may also be used to calculate the ultimate time span . 
for the exhaustion of .fossil fuel reserves in the U.S. Assuming (E ) 
c 
to be 40Q, and the rate of total energy consumption to increase at about 
3 percent per year, equation (F-2) gives a time span of about a.century. 
• 
APPENDIX G 
DATA USED FOR THE MODEL 
TABLE VI 
U.S. DATA FOR VARIOUS TECHNO-ECONOMIC PARAMETERS 
TOTAL ENERGY 
CONSUMPTION (E], GROSS NATIONAL GROSS NA'IIONAL 
QUADRILLION PRODUCT, [GNP] PRODUCT, [GNP] 
YEAR (1015) BTU CUR.ltENT-$ x 109 OF 1958-$ x 109 
1915 18.10 61.6 135.2 
1916 20.09 68.7 153.2 
1917 21.48 75.6 168.6 
1918 21. 39 77. 3 172.4 
1919 20,0·9 78.9 175.9 
1920 21.59 88.9 180.l 
1921 18.49 74.0 165.0 
1922 19. 34 74.0 165.0 
1923 23.32 86.1 192.0 
1924 22.38 87.6 195.3 
1925 22.10 91. 3 203.6 
1926 22.38 97.7 217.9 
1927 23.68 96.3 214.7 
1928 23. 71 98. 2 219.Q 
1929 23.17 103.1 203.6 
1930 21. 89 90.4 183~5 
1931 20.61 75.8 169.3 
1932 20.05 58.0 144.2 
1933 19.50 55.6 14i.5 
1934 20.45 65.1 154.3 
1935 21.40 72. 2 169.5 
1936 22.17 82.5 i93.0 
1937 22.94 90.4 203.2 
1938 21.68 84,7 192.9 
1939 22.46 90.5 209.4 
1 c;a 
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TABLE VI ·. (Continue;d) 
TOTAL ENERGY 
CONSUMPTION {E], GROSS NATIONAL GROSS NATIONAL 
QUADRILLION PRODUCT, {GNP] PRODUCT, J GNP] 
YEAR (1015) BTU CURRENT-$ x 109 OF 1958-$ x 109 
1940 25.81 99.7 227,2 
1941 26.78 124.5 263.7 
1942 27.19 157.9 297.8 
1943 29. 80 191.6 337.1 
1944 30.42 210.1 361.3 
1945 30.20 211.9 355.2 
1946 29.92 208.5 312.6 
1947 33.20 231. 3 309.9 
1948 34.01 257.6 323.7 
1949 31.61 256.5 324.1 
1950 34.20 284.8 355. 3 
. 1951 36.91 328.4 383.4 
1952 36. 61 . 345.5 395.1 
1953 37.70 364.6 412.8 
1954 36.40 364. 8 407.0 
1955 40.01 398.0 438,0 
1956 42.01. 419.2 446.1 
1957 41.91 441.1 452.5 
1958 42.01 447.3 447.3 
. 1959 43.5 483.7 475.9 
1960 45.31 503.7 487.7 
1961 45.60 520.1 497.2 
1962 47. 71 560.3 529.8 
1963 49. 70 590.5 551.0 
1964 51.60 632.4 581.1 
1965 53.80 684,9 617.8 
1966 56.61 747.6 657.1 
1967 59.40 789.7 673.1 
1968 62.11 860.7 706.9 
1969 65.6 931.1 727.4 
1970 68.8.1 998.7 724.3 
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TABLE VII 
U.S. DATA FOR VARIOUS TECHNO~ECONOMIC PARAMETERS 
NATIONAL INCOME, PERSONAL INCOME INDUSTRIAL [YN] CURRENT $, [Yp] CURRENT $ PRODUCTION INDEX 
YEAR x 109 x 109 ( '(] (,1957-59 • 100) 
1915 54.0 51.0 22.1 
1916 60.4 56.7 22.8 
1917 66.9 62.5 23.5 
1918 68.5 63.7 24.2 
1919 70.2 65.0 24.9 
1920 79.1 73.4 26.2 
1921 64.0 62.1 20.1 
1922 63.1 62.0 25.6 
1923 74.3 71.5 30.5 
1924 75.2 73.2 28.6 
1925 78.2 75.0 31.5 
1926 83.7 79.5 33.4 
1927 81. 7 79. 6 33.3 
1928 82.8 79. 8 34.6. 
1929 86·. 8 85.9 38.4 
1930 75.4 77.0 32. 0 
1931 59.7 65.9 26.5 
1932 42.8 50.2 20.7 
1933 40.3 47.0 24.4 
1934 49.5 54.0 26.6 
1935 57. 2. 60.4 30.7 
1936 65.0 68.6 36.3 
1937 73.6 74.1 39.7 
1938 67.4 68.3 31.4 
1939 72.6 72.8 38.3 
1940 81.1 78.3 43.9 
1941 104,2 96.0 56.4 
1942 137.1 122.9 69.3 
1943 170.3 151.3 82.9 
1944 182.6 165.3 81. 7 
1945 181.5 171.1 70.5 
1946 181. 9 178.7 59.5 
1947 199.0 191. 3 65,7 
1948 224.2 210.2 68;4 
1949 217.5 207.2 64.7 
:).950 241.1 227.6 74.9 
1951 278.0 255.6 81.3 
1952 291.4 272.5 84.3 
1953 304.7 288.2 91.3 
1954 303.1 290.1 85.8 
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TABLE VII (Continued) 
NATIONAL·INCOME, PERSONAL INCOME INDUSTRIAL [YN] CURRENT $, [YPJ CURRENT $ PRODUCTION INDEX 
YEAR x 109 x 109 (T) (1957-59 • 100) 
1955 331.0 310.9 96,6 
1956 350.8 330.0 99.9 
1957 366.1 351.1 100.7 
195-8 367.8 361. 2 93.7 
1959 400,0 383.5 105.6 
1960 414.5 401.0 108.7 
1961 427.3 416.8 109.7 
1962 457.7 442.6 118.3 
1963 481.9 465.5 124.3 
1964 518.1 497.5 132. 3 
1965 564.3 538.9 143.4 
1966 620.8 586.8 156.3 
1967 652.9 628.8 151.4 
1968 712.8 685. 8 15'8':'!' 
1969 769.5 748.9 172.4 
1970 810.0 801.0 182.0 
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TABLE VIII 
U.S. DATA FOR VARIOUS TECHNO-ECONOMIC PARAMETERS. 
WHOLESALE PRICE INDEX 
ALL ITEMS CONSUMER WHOLESALE PRICE INDEX FUELS AND RELATED 
PRICE INDEX FOR ALL COMMODITIES PRODUCTS AND POWER 
YEAR (1957-59 = 100) (pa•c] (1957-59 .. 100) fp f] (1957-59 .. 100) 
1915 35.4 38.0 38.0 
1916 38.0 46.8 54.6 
1917 44.7 64.3 77. 4 
1918 52.4 71.7 80.2 
1919 60.3 75.8 76.6 
1920 69.8 84.5 120.3 
1921 62.3 53,4 71.1 
1922 58.4 52.9 78.8 
1923 59.4 55.1 71.5 
1924 59.6 53. 6 67.6 
1925 61.1 56.6 70.9 
1926 61.6 54.8 73.5 
1927 60.5 52.3 64.9 
1928 59.7 53.0 61.9 
1929 59.7 52.1 61.5 
1930 58.2 47.3 58.2 
1931 53.0 39.9 5G>.O 
1932 47. 6 35. 6 52.l 
1933 45.1 36.1 49.3 
1934 46.6 41.Q 54.3 
1935 47.8 43.8 54.5 
1936 48.3 44.2 56,5 
1937 50.0 47.2 57.5 
1938 49.1 43.0 56.6 
1939 48.4 42.2 54.2 
1940 48.8 43.0 53.2 
1941 51. 3 47.8 56.6 
1942 56.8 54.0 58. 2 
1943 60.3 56.5 59.9 
1944 61. 3 56.9 61.6 
1945 62.7 57. 9 62.3 
1946 68.0 66.1 66.7 
1947 77. 8 81.2 79.7 
1948 83.8 87.9 93.8 
1949 83.0 83.5 89.3 
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TABLE VIII (Continued)- .. 
WHOLESALE PRICE INDEX 
ALL ITEMS CONSUMER WHOLESALE PRICE INDEX FUELS AND RELATED 
PRICE INDEX FOR ALL COMMODITIES PRODUCTS AND POWER. ' 
YEAR (1957-59 = 100) (pa•c]_ (19.5 7-59 - 100) {pf] (1957-59 • 100) 
···r·-
1950 83.8 86,8 90.2 
1951 90.5 96.7 93.5 
1952 92.5 94.0 93.3 
1953 93. 2 92.7 95.9 
1954 93.6 92.9 94,6 
1955 93.3 93,2 94.5 
1956 94.7 96.2 97. 4 
1957 98.0 99.0 102.7 
1958 100.7 100.4 98.7 
1959 101.5 100.6 98.7 
1960 103.1 100.7 99,6 
1961 104.2 100.3 100.7 
1962 105.4 100.6 100.2 
1963 106.7 100.3 99.8 
1964 108.1 100.5 97.l 
1965 109.9 102.5 98.9 
1966 113.1 105.9 101.3 
1967 116.3 106.1 103.6 
1968 120.9 108.7 102.5 
1969 119.2 105.4 104.3 
1970 116.1 108.6 106.3 
GROSS NATIONAL 
PRODUCT [GNP], 
YEAR (1958-$) x 109 
1915 135.2 
1920 180.1 
1925 183.6 
1930 18J .. =5· 
1935 169:5 
1940' '227~2 
l9qS' 355.2 
1950' .,~»· 
1955 438.0 
1960 487~7 
1965 617.8 
1968 726.9 
1970 724.3 
1980 1,280 
1990 1,996 
2000 3,115 
2025 7,455 
TABLE IX 
U.S. DATA FOR SELECT TECHNO-ECONOMIC PARAMETERS (1915-1970), 
AND FORECAST VALYES· -1'0-·-THE-Y.EAR-202-5-
AVERAGE PRICE OF 
F.R.B. INDEX OF ENERGY (FUEL) TOTAL POPU- TOTAL LABOR INDUSTRIAL PER MILLION BTU LATION {P], FORCE EMPLOYED PRODUCTION [ T] , [pf]' 1958-$ 6 [W], x 106 x 10 (1958 = 100) (1958 = 100) 
100. 54 39. 77 22.1 29.8 
106.46 41. 72 26.2 35.9 
115.83 41.19 . 31.5 52.1 
123.18 48. 73 32.0 58. 2 
127. 36 52.55 30. 7 53.8 
132.12 56.18 43.9 53.2 
139.92 65. 30 70.5 62.3 
151.68 64.74 74.9 80.2 
165.27 68.89 96.6 94.5 
'180.68' 73.12 108.7 99.6 
194. 57 74.31 143.4 98.9 
200.44 75.91 158.1 103.1 
204.80 78.40 182.0 106.3 
245 100 246.8 132.8 
.287. •' 119 341.l 155.0 
322 134 564 185.8 
422 173 1,456 348.3 
TOTAL ENERGY 
CONSUMED [E], 
QUADRILLION 
(1015) BTU 
18.09 
21.59 
22.09 
21.90 
21.40 
25.80 
30.20 
34.20 
40.01 
45.30 
53.80 
62.10 
68.81 
91.1 
122.8 
169.2 
300.3 
....... 
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